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In this issue: A discussion of laboratory tests of doweled joints in concrete pavements. 
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’ Performance of Doweled Joints 
. Under Repetitive Loading 


BY THE DIVISION OF PHYSICAL RESEARCH 


p- 
d. 





BUREAU OF PUBLIC ROADS 


Load-transfer systems are desirable in transverse joints of concrete pavements 
to control edge stresses, to reduce slab deflections under load, and to maintain 


surface alinement of the two slab ends. 


Many forms of testing techniques have been devised to judge the performance 


of load-transfer systems. 


In most cases the tests have been performed in the 


laboratory and, as usually made, provide data on the shear resistance of the 


load-transfer unit under a single or, at most, a few static loads. 


however, are rather limited in scope. 


Such tests, 


In order to develop information on the structural action of load-transfer 
systems under repetitive loading, the Bureau of Public Roads devised a labora- 


tory procedure quite different from the shear test. 


very simple. 


The principle of the test is 


The specimen, a concrete slab divided transversely at midlength by 


the joint under test, is supported in a machine that applies a known load alter- 


nately on either side of the joint for any desired number of cycles. 


The design of 


the machine and the dimensions of the specimen made it possible to study, 
under forces and motions which simulate closely those of actual service, the 
effects of several variables influencing the structural performance of dowel bars. 

An analysis of the data developed in the tests revealed that a definite exponen- 
tial relation exists between dowel diameter and load-transfer capacity, other 


conditions being constant. 


A relation was also evident between slab depth and the dowel diameter re- 


quired to transfer a given percentage of the applied load. 


This relation indi- 


cated that, for minimum dowel size, the diameter in eighths of an inch should 
approximately equal the slab depth in inches. 
For 34-inch diameter dowels, an embedded length of 8-dowel diameters is 


required for maximum load transfer. 


Larger dowels, such as the l-inch and 


14-inch diameters now in common use, require for full-load transfer a length of 
embedment of about 6 diameters, both initially and after many hundreds of 


thousands of cycles of repetitive loading. 


For a given load-transfer system, the tests indicated that much better struc- 
tural performance could be expected in a contraction joint than in an expansion 


joint. 


THE USE of smooth, round steel bars 
across transverse joints in concrete pave- 
uts for the purpose of transferring load 


seoms to have been first reported in connec- 


with a pavement built in the winter of 
7-18 between two army camps near New- 
News, Va. In this installation four 
ich diameter bars were used in the 20-foot 
ement width. 
in the years that followed World War I, 
‘ use of steel dowels, as they came to be 
ied, spread quite rapidly. During this 
iod the detailed requirements as to diam- 
r, length, and spacing varied widely how- 
For a joint across the full width of the 
rement, one State in 1926 required two 





his article was presented at the 37th Annual Meeting of 
Highway Research Board, Washington, D. C., January 
8 
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14-inch diameter bars 4 feet long; another, 
four %-inch diameter bars 4 feet long; and 
still another, eight %4-inch diameter bars 2 feet 
long. Long bars of small diameter spaced 
about 30 inches apart were the general rule. 
By 1930 nearly half of the States required the 
use of dowels in transverse joints. 

In 1928 Westergaard (1) 2? published the first 
analysis of dowel reactions. It was based on 
certain assumed ideal conditions including 
equal deflection on both sides of the joint. 
He concluded that dowels 2 feet apart would 
bring about a material reduction in critical 
stress in the concrete of the pavement, but 
at a spacing of 3 feet they would not. No 
study of dowel length was made. 


2 Italic numbers in parentheses refer to the list of referenc 
on page 24. 


»AE. 
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Repor ted' by LESLIE W. TELLER, Chief, 
Structural Research Branch, and 
HARRY D. CASHELL, Highway 

Physical Research Engineer 


When the designs for the pavement sections 
used in the Arlington tests (2) were being de- 
veloped in 1929, it was decided to include a 
study of doweled joints; dowel spacings of 
18, 27, or 36 inches were selected for the 
various transverse joints. The dowels were 
34 inch in diameter and 3 feet long in all cases. 
These dimensions and spacings were represen- 
tative of State practices at that time. 

As_a result of the load tests on the doweled 
joints in the Arlington investigation, it was 
concluded that none of the dowel systems 
tested was particularly effective in controlling 
critical edge stress and that dowels would 
have to be stiffer and much more closely 
spaced to be effective structurally. 

The Bureau’s researches into the structural 
action of concrete pavements stimulated a 
considerable amount of interest in the subject 
on the part of others. One result was an 
inereased effort to develop a better under- 
standing of the structural action of doweled 
joints and to rationalize their design. 

In 1932 Bradbury (3) attempted to deter- 
analytically the required diameter, 
length, and spacing of dowels. His studies 
indicated the need for larger diameter dowels 
at close spacing; and, through the application 
of the Timoshenko equations for the bending 
of bars on elastic foundations, he developed 
a formula for estimating the required length 
of dowels. In 19388 Friberg (4) analyzed 
the dowel reactions by means of the same 


mine 


equations and reported an experimental study 
of the support afforded dowels by the sur- 
rounding concrete. Friberg also emphasized 
the advantages to be gained from increasing 
dowel diameter and decreasing dowel spacing. 
He concluded that the length of dowels could 
be materially reduced below the 24 inches 
then in common use. 

Westergaard (1) in his analytical studies of 
dowel reactions had concluded that the major 
part of the load transfer which takes place 
when a wheel load approaches a transverse 
joint is accomplished by the 2 or, at most, 4 
1940 
Kushing and Fremont (5) published a theo- 


dowels nearest the wheel load. In 
retical analysis of the distribution of reactions 
among the several units of a doweling system, 


assuming elastic deflection of the dowels. As 


1 








Figure 1.—Testing machine (A, reinforced concrete base; B, test specimen; C, structural 


steel frame: D, loading lever; E, loading pad: F, adjustable load of lead weights: G, cam 


and lift-rod mechanism: H, specimen support beam: I, micrometer dials: J, SR-4 strain 


sages; and kh, oscillograph recording equipment). 


would be expected, this analysis indicated a 
wider distribution of reactions than was in- 
dicated by Westergaard’s earlier study in 
which the dowels.were assumed to be infinitely 


stiff. 
paper, Sutherland presented data from load 


n discussing the Kushing and Fremon 
Ind the Ixus} 1 | t 


tests on certain large slabs in the Arlington 
These data indicated, for the 
conditions of the tests with 34-inch diameter 
dowels at 


investigation. 


18-inch spacing, the relative de- 
flection of the 2 abutting slabs was largely 
controlled by the 4 units immediately adjacent 
to the load. 

This brief review of research activity prior 
to about 1940 shows much progress in the 
effort to rationalize the structural design of 
doweled joints. The increased use and the 
cost of load-transfer systems made the problem 
The re- 


searches indicated the need for strong units 


of proper design an important one. 


closely spaced. It was also indicated that 
the long dowel bars used earlier were not 
necessary, and there was some optimum length 
for maximum effectiveness. The inherent 
structural deficiencies of the round steel dowel 
bar as a lonad-transfer mechanism had long 
been reeognized and many alternate designs, 
frequently proprietary, were offered during 


this period, Some of these designs were 


simple structural shapes of greater stiffness; 


others were quite elaborat 


Karly Test Procedures Inadequate 


State highway departments and other ager 
cles responsible for the selection or approy al of 
competitive designs sought comparative data 
on which to base decisions. The need for 
test procedures to develop such data became 
pressing, and many forms of testing techniques 
were devised to meet the need In nearly all 
cases the tests were performed in the labora- 
tory by applying a load to a relatively small 
as to develop a shear- 


specimen in such a wav 


2 


ing force, usually on 1 but sometimes on 2 01 


dowels or other types of load-transfe1 its 
embedded in conerete. The load-deflection 
data obtained in the tests were used in various 
Ways for judging the relative abilities ot 
dowels and other devices in transferring loud 
across joint openings. A typical test pro- 
cedure of this type, as performed in Illinois, 
is deseribed in the report of that State’s in- 
vestigation of joint performance (6 

Finney and Fremont (7) used a modifica- 
tion of this test procedure to study the effect 
on dowel deflection of the variables of dowel 
diameter, dowel length, and width of joint 
opening. 

The laboratory shear test, as usu: Ilv made, 


develops data on the relative shear resistance 


of load-transfer units under a single or, at 
most, a few essentially static loads. It docs 
not, however, provide other information o 


equal or greater significance. 
If there is any play or looseness of the dowel 


in its socket or, in the case of some proprietary 


ae 


a... ee 


SR I ecstatic la i i es NS 
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loud-transfer units, play within the unit itself, 
this looseness will not be revealed in the shear 
test even though it would have an important 
bearing on the structural effectiveness of the 
unit when the load is reversed as it is in service. 

Furthermore a dowel or other load-transfer 
unit in the pavement is placed in action every 
transverse 


time an axle load crosses the 


joint—thousands, even millions of times. 
Kach time this happens there is a complete 
stress reversal in the load-transfer mechanism 
as the load passes from one abutting slab to 
the other. It is well recognized that perform- 
ance under a single loading is no measure of 
performance under repeated loading, yet us 
late as 1947 there existed no published data 
on the effects ot repetitive loading and stress 
reversal on the structural action dowels or 
other load-transfer units 


These eonsiderations led the Bureau 


Publie Roads in 1947 to devise a test procedure 
of quite a different type, one which wou 
provide information on the structural acti: 
of load-transfer units under repetitive loading. 
It was desired particularly to determine (1 
the initial efficiency of such units in trans- 
ferring load: (2) the degree to which this 
efficiency might be expected to be retained us 
the load evcle is repeated many thousands of 
times: and (3) the effeet on load-transfe1 
variables as 


width ol 


efficiency of such major desigi 
dowel diameter, dowel length, a1 
joint opening. 

It is the purpose of this report to describe 
the test and to discuss the information that 
it has so far provided. 


Summary 


\ nev 


been developed which provide a satisfactory 


machine and method of test have 


means for studving, under repetitive loading 


the effects of the several variables whic! 
influence the structural performance of dowel 
bars or other load-transfer devices used in the 
The conditions 


of the test approach closely those 


oints of concrete pavements 


which are 


found when a heavy wheel load 


‘rOSSES 


transverse joint of a pavement service 
The test procedure makes possible a deter- 
mination of the initial effectiveness of a load- 


transfer svstem as well as any loss in initia 





Figure 2.—Looking down on the mold in which the specimens were cast. 


April 1958 © PUBLIC ROADS 














If, 
ar 





a eS 





‘oe: mes 


nl ot ey 





Figure Saalteaamacs of concrete during fabrication of a specimen: fluidity was obtained 


with internal vibrators. 


effectiveness which may develop as the result 
of a large number of applications of the load- 
ing cycle. 

With this test procedure the principal effort 
thus far has been to determine the influence 
on the structural performance of round steel 
dowels of three important dowel 
diameter, length of dowel embedment, and 


variables: 
vidth of joint opening. For each of these 
variables an orderly relation has been estab- 
lished, 

Che following conclusions are based on an 
nalysis of the data presented in this report. 
1. A definite exponential relation exists be- 
diameter and load-transfer 


tween dowel 


pacity, other conditions being constant. 

A relation exists between slab depth and 
the dowel diameter required to transfer a given 
percentage of the applied load. This relation 
may be expressed as an approximate rule for 
ninimum dowel size, as follows: For round 
steel dowels at a 12-inch spacing in joint open- 
ings of %4-inech width or less, the dowel diameter 

eighths of an inch should equal the slab 


depth in inches. 


The length of dowel embedment necessary 
fevelop maximum load transfer is not a 
constant funetion of dowel diameter as has 
With a 
maximum load transfer re- 
about 8-dowel 


sometimes been assumed. 34-inch 
lowel diameter, 

res an embedded length of 

neters, With larger dowels, such as the 
ch and 1'4-inch diameters now in common 
, full-load transfer is obtained with a length 
embedment of about 6 diameters, both ini- 


lv and after many hundreds of thousands 


eyeles of repetitive loading. The use of 


irter dowels in these larger diameters would, 


many cases, result in an 


Vings in the amount of steel required for 


vels, 
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appreciable 


+. For a given dowel diameter and condition 
of loading, decreasing the width of joint open- 
ing decreases the bending stress in the dowel. 
It decreases also the dowel deflection and hence 
ferred, 


repetitive 


increases the percentage of load trans 


both initially and after extended 
loading. It is evident that a given load-trans- 
fer system may be expected to give a much 
better structural performance in a contraction 


jolnt of 1nech 


joint 
width or greater. 


than in an expansion 
The condition of dowel looseness has an 
important effect on the structural performance 
of the dowel, 
efficiency only after this looseness is taken up 


since it can function at full 


by load deflection. This is true for both initial 
looseness and that which develops during the 
course of repetitive loading. Tests which do 
not include repetitive loading and complete 
stress reversal provide no information on this 
important condition and no measure of its 
effects. 

6. The application of extended repetitive 
abilitv of a 


Under equal 


loading decreases the initial 


given system to transfer load. 
conditions, the amount of this loss varies 


considerably as dowel diameter, length of 
dowel embedment, and width of joint opening 
are varied. 

In the tests of the 


deseribed in this 


authorized program as 


report, much important 


information was obtained on the structural 


performance of round steel dowels under 


repetitive loading. ‘To complete the research, 
Recommenda- 


these 


lditional tests are needed. 


tions as to the nature and extent of 
tests are included in the report 
Testing Machine and Specimen 
Described 

The principle of the test is very simple. 
The specimen, a concrete slab divided trans- 
versely at midlength by the joint under test, 
is supported in a machine that applies a known 
load alternately on either side of the joint for 
any desired number of eveles,. 

$y means of strain and deflection measure- 


ments made periodically, data are obtained 


which show the initial effectiveness of the load- 
transfer system and the deterioration in ef- 


which develops from repetitive 


test load. 


feetiveness 


application of the 
Testing machine 


The machine, shown in figure 1, consists 


essentially of a concrete base which provides 
support for the specimen, a structural steel 
frame which furnishes a reaction for a pair 
of loading levers that apply the load through 


10-inch diameter loading pads alternately on 





Figure 4.—Lowering a cured specimen into the testing machine in the channel frame in 


which it was cast; the loading levers have been removed for this operation. 
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Figure 5.—Relation between applied load and relative deflection, after various 
numbers of load cycles. 


either side of the joint under test, dead weights 
at the ends of the loading levers to create the 
desired load, and an electrically driven cam 
and lift-rod mechanism which alternately 
raises and lowers the loading levers. The 
machine requires very little attention and can 
operate continuously. 

The specimen, a concrete slab 10 feet long 
and 4 feet wide, is supported at its ends by 
fixed bearings on short pedestals that are a 
part of the machine base. On either side of the 
test joint each half-slab bears on a steel sup- 
port beam. The deflection of the beam simu- 
lates the vielding of the subgrade when a load 
is applied to a pavement slab. As the load 
is applied on one side of the test joint by the 
lowering of one loading lever, the load is 
automatically removed from the opposite side 
of the joint by the lifting of the other loading 
lever. As this action takes place, the support 
beam under the loaded side deflects from the 
load while the support beam under the un- 
loaded side is deflected solely by the shearing 
forces in the doweling system just as in the 
case of a pavement on the subgrade. 

Two span lengths were provided for the 
support beams, the relation between them 
being such that use of the greater span length 
would result in deflections twice as great as 
would be obtained with the lesser span length, 
other test conditions remaining unchanged. 

The dimensions of the machine are such 
that the deflections and the angular motion 
at the joint can be made to simulate closely 
the movements that have been measured in 
the load testing of full-size pavement slabs on 
a weak subgrade. By adjusting the length 
of bearing between the specimen and the sup- 


4 


port beam directly under the load, the degree 
of transverse curvature of the specimen and 
hence the stress in the concrete along the joint 
edge can be controlled. For the tests re- 
ported, a bearing pad having a length of 15 
inches was used. With a constant load value 
this gives a flexural stress in the concrete along 
the joint edge which varies with the depth of 
slab being tested. 

The machine is designed to apply loads 
rather slowly so as to avoid shock, the fre- 
quency being but 10 cycles per minute. At 
this rate about one week is required to obtain 
100,000 complete cycles of load application 
and stress reversal. After the first machine 
was placed in operation it became apparent 
that even a limited program would extend 
over an excessively long period of time, and 


since the test appeared to be promising three 
additional machines were built. Two of the 
four have a load capacity of 10,000 pounds; 
the other two have a capacity of 15,000 
pounds. Any desired test load, up to the 
capacity of the machine, may be obtained by 
changing the number of lead weights on the 
platforms at the end of the loading levers. 

The loading system is calibrated by placing 
a load-measuring device between the pad on 
the loading lever and the corresponding 
support beam before the specimen is placed 
in the machine. The load-strain rate of each 
support beam is then developed from loads 
applied by the calibrated loading system and 
from strains as measured in the lower flanges 
of the beams. These rates provide a means of 
determining the amount of load being trans- 
ferred for any given applied load. Since the 
unit of strain measurement is equivalent to 
a load increment of about 30 pounds and 
since periodic calibrations showed negligible 
changes, it was concluded that determinations 
of the amount of load transferred were accu- 
rate within 60 pounds. 


In figure 1, a pair of tubular columns 
supported in steel sleeves in the base and 
extending upward above the machine frame 
may be seen. They support a cross member 
or bridge which serves as a datum for de- 
flection measurements. These measurements 
with micrometer dials reading 
directly to thousandths of an inch from which 
it was practicable to estimate ten-thousandths. 


were made 


Test specimen 


As stated previously, the test specimen is a 
concrete slab 4 feet wide by 10 feet long divided 
transversely at midlength by the joint in 
which the load-transfer system is installed 
So far, the slabs have been either 6, 8, or 10 
inches in depth. 

Since the quality of the concrete has not 
been a variable in the test program being 
reported, every effort has been made to have 
the strength and other properties of the con- 
crete uniform in the specimens that have beer 
tested. The same aggregates, grading, and 
proportions were used throughout. The con- 
crete was mixed under careful control in th 
laboratories of the Bureau. The following 
summary shows average strengths and othe: 





-003 


-002 | 





INCREASE IN DOWEL 
LOOSENESS — INCHES 


Ot 





? 


_ 10,000 —- POUND 
REPEATED LOAD 








6 -INGH SLAB DEPTH TT 
% -INCH DIAM. DOWEL 
8 -DIAM. EMBEDMENT 
%-INCH JOINT WIDTH 


it 

















O SG 


12 16 20 


NUMBER OF LOAD CYGLES — HUNDREDS OF THOUSANDS 


Figure 6.—Effect of repetitive loading on the development of dowel 
looseness. 
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STATIC TEST LOAD — THOUSANDS OF POUNDS 


Figure 7.—Relation between applied load and 


percentage of load 


transferred, after various numbers of load cycles. 


properties of the conerete as determined by 
standard tests at the age of 28 days: compres- 
sive strength 5,610 p. s. i., standard deviation 
280 p. s. i.; flexural strength 770 p. s. 1, 
standard deviation 35 p. s. i.; and modulus of 
elasticity (sonic) 7,120,000 p. s. i. 

It was particularly important that the slab 
specimens be precision cast and so handled 
that the joint installation could not be damaged 
hefore the test started. To accomplish this a 


concrete casting base was built. In the 
surface of this base were steel plate inserts to 
create smooth, plane, parallel surfaces on the 
lower surface of the specimen for the points 
On this 


base the side form for the specimen was 


of bearing in the testing machine. 


placed. This was a rectangular frame of 
structural steel channel of the required depth, 
across the center of which was fastened the 
steel plate partition that created the joint 
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‘igure 9.—Relation between applied load and amount of load transferred, after various 


numbers of load cycles. 
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NUMBER OF LOAD CYCLES —- HUNDREDS OF THOUSANDS 


Figure 8.—Loss in initial capacity to transfer load resulting from 


repetitive loading. 


opening and held the load-transfer units in 
position and alinement. The conerete was 
After the surface 
had been finished the specimen was covered 
with burlap, kept wet for 7 days, and then 
allowed to dry in the air of the laboratory. 


consolidated by vibration. 


In general, the specimen was more than 28 
days old before being subjected to load. 
The dowels of the load-transfer systems 
were made from conventional hot-rolled, car- 
Tests of the material 
showed it to have average mechanical proper- 


bon steel bar stock. 


ties, as follows: 


Tensile strength p.s.i 66, 538 
Yield point.._. p.s.i 44, 327 
Percent elongation (2-inch gage length) _- 40.5 


Modulus of elasticity -- ..-p.s.i__ 30, 094, 000 


All dowels were so installed that their final 
position did not vary from true alinement by 
more than \%e inch per foot of length. Just 
prior to concreting, the free or sliding half of 
each dowel was coated with heavy oil to pre- 
vent bonding of the concrete. 


Care exercised in handling specimen 


Following the completion of the curing, the 
specimen was moved from the casting base to 
the testing machine in the channel frame. To 
hold the slab securely in the frame during 
this operation, short steel dowels were cast in 
the concrete around the perimeter of the 
specimen. These extended through close- 
fitting holes drilled in the web of the channel 
and supported the weight of the specimen in 
the frame when the latter was lifted. Figure 
2 shows these details as one looks down into the 
casting form. Figure 3 shows a partially filled 
form before the vibrating of the concrete had 
been started, and is included to give an idea 
of the character of the concrete mixture. 
Figure 4 shows a specimen in the frame being 
lowered into position in the testing machine. 
Once the specimen was properly placed, the 
form was disassembled and removed together 
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Figure 10.—Typical relations between dowel shear and dowel deflection. 


with the 
joint 


steel 
opening. By 


partition used to 
of the 
handled and 


hines without damage 


this procedure all 
successfully 
placed in the testing mac 
to the joint system. 

As stated earlier, the 


make 


specimens were 


test was designed so 
load- 
transfer units under test to forces and motions 
that would simulate closely those which would 


be encountered in 


as to it possible to subject the 


service. These require- 


create the 


specimens and the machine for testing them 

The earlier tests of full-size slabs at Arling- 
ton, Va., had supplied data on the load- 
deflection relation of doweled joints in pave- 
ment slabs of several thicknesses. Data were 
obtained also on the angular motion that 
occurs when a slab end is deflected by load 


This 
dimensions of the support beams and, in turn, 
the length of the test 


information was 


specimen. 








used to determine the 


Jecause of 





reactions and of the experiments referred to 
by Sutherland (5), it was decided to make the 
concrete specimen wide enough to permit the 
installation of 4 load-transfer units 12 inches 
apart. This led to the selection of the 4s8- 
inch width mentioned earlier. 
periments were 
transfer 


Since the ex- 
include load- 
and strengths, 
the design of the machines provided for a 
range of loads and specimen depths. 
concrete highway 


expected to 
units of various sizes 


Very 
pavements have been 
built with thicknesses of less than 6 inches or 


few 


more than 10 inches. For this reason, slab 
depths of 6, 8, and 10 inches were selected for 
study as stated previously. 


From this description it is apparent that 
the test lends itself to studies of the structural 
behavior of load-transfer systems under con- 
ditions that approach those of actual service 
and provides a means for obtaining new and 
useful information on the effects of repetitive 
loading. 

Impact conditions of load application have 
been purposely avoided: first, 
that 


because a joint 
causes appreciable impact is usually 
either a poorly constructed or a failed joint 
and, second, because impact is a complicated 
phenomenon difficult to control and to evalu- 
ate. 

With the machine described it is possible Lo 
a number of variables that 
structural performance of load- 
that 
largely 


study any one of 


influence the 


transfer systems. The work has been 


done thus far has been confined to 


studies of the effeets of the three variables of 
dowel diameter, dowel length, and width of 
joint opening Certain collateral studies that 
were made for various reasons are described 
later. 
Test Procedure Based Upon 
Preliminary Studies 
\fter the completion of the first machine, i 


was necessary to make a number of prelimi 
what the details ot! 


procedure should be to yield the most 


studies to determine 
the test 


nary 


pertinent information in the least time. 
of the needed to be 


som 
questions that answered 
as follows: 


1. How 


were 


many cycles of loading would be 








































ments determined the general size of the the indications of various analyses of dowel required to produce significant comparisons 
004 — aw O06 . 
req : + y ox 
5° 3 -INCH JOINT WIDTH : < 
ve 
~ 8-DIAM DOWEL EMBEDMENT ~ 
=) 20” 
me gq) 003 + — SLAB DEPTH -INCHES 4 nal 0040 4 
z 
zs = 
one 20 
= O tO 
cre Pays 2 2. 
WZ “10 wy O 
+5 0902 — u Oo .002 
roar Sins i, adi 
4 ' ~~ a oO 
iw S & 2) 
= oO 
Oo Oo“ 
Se a i 
Q .0OO O 
S 3 Zz ' st 5 3 7 | 
8 4 8 3 4 5 a 8 | Ig 
DOWEL AMETER — | H 
DOWEL DIAMETER -INCHES e ee . seein 
Oo — OBSERVED VALUES — THEORETICAL RELAT 
Figure 11.—Relations between dowel diameter and dowel Figure 12.—Comparison of theoretical and observed relations 


deflection. 


between dowel diameter and dowel deflection. 


Apri! 1958 © PUBLIC ROADS 



























































to X 004 es 004 
. a 
the Og OG [ 8-01AM. DOWEL _EMBEOMENT 
uw Ww 
the WwW ~ + 
hes —r 2” 
2M" a 
4s8- = | P w .003 
= ee 
ex- w 003 K——_+_+ to 4: 
ad ze -o 
ad- OO Oo 
= we 
hs, ra) 7 Pe leo 
a Oo | ua 
Pry aha 4) "7 to 
ae LO..CO2 F —— we 
en wo Hel 
a 4 | Seite oe es eee PA 
' ' 3 
lab we 0 4 i 3 | 
lar 6 | 3 —INCH JOINT WIDTH WIDTH OF JOINT OPENING — INCHES 
a oo }- INCH DIAM. DOWELS, 6 -!NGH SLAB DEPTH 
lat 2 4 6 8 10 ie X—1-INCH DIAM. DOWELS, 8-INGH SLAB DEPTH 
ral LENGTH OF DOWEL EMBEDMENT — DIAMETERS 3 - INCH DIAM. DOWELS ,!10- INCH SLAB DEPTH 
yn- = . . : 
i Oo— 5 - INCH DIAM. DOWELS, 6 - INCH SLAB DEPTH Figure 14.—Relations between width of 
jot rine 0° fect] 
ai x —I-INGH DIAM. DOWELS, 8-INCH SLAB DEPTH joint opening and dowel deflection. 
. | 
ve O—\ta—-INCH DIAM. DOWELS,!0-!INCH SLAB DEPTH 
ese r 2 : Was applied alternately on either side of the 
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7 d jo yA ) on Wes, 
nt dowel deflection. ae : ; , ae 
: Phe specimen in this case was a slab 6 inches 
lly ind what additional information would be = support beam directly under the load and in depth; the joint opening was 34 inch; the 
nt btained by continuing the test beyond this depending upon the characteristics of the load + dowels were }4-ineh diameter; and the length 
ed point? transfer system, in the companion support of their embedment in the conerete on either 
U- 2. What strain and deflection data should beam on the other side of the joint also If side of the joint opening was 8-dowel diam- 
obtained and at what intervals should each there were no elastic deformation in either the eters. The lesser span length of the support 
to easurement be made? steel dowels or the concrete and if there were beams was used which resulted in a midspan 
at 3. With two joint deflection values avail- no looseness or play to be taken up, the tw deflection rate of 0.01 inch per 1,000 pounds 
d- ible, as the result of providing two span abutting slab edges would move downward of applied load, assuming no load transfer 
en lengths for the support beams, what would be by an equal amount and the two support across the joint. 
to the relative effect of each on the test results? beams would deflect equally. Under this ideal The purpose of the test was primarily to 
of The determination of the number of cycles condition, the amount of load transferred develop general information required for the 
ot of loading needed to develop significant data across the joint would be one-half of that detailed planning of the testing procedure and 
at is an important matter. An effort was made being applied to the surface of the test the test program. As the loading cycle was 
d to ascertain from traffic survey data how many — specimen. repeated on this specimen, the program was 
heel loads of approximately 10,000 pounds . : : ? , nterrupted at frequent intervals in order that 
: a Elastic deformation in both dowel and : : eer 

ight be applied at a given point on a trans- measurements might be made of strains in the 

ae ss ? concrete . ; 

‘rse joint of a pavement on a heavily traveled lower flanges of the support beams and deflec 

ite in the course of a vear. It was found, Actually there is elastic deformation in tions of the slab surfaces on either side of the 

mwever, that data on the transverse place the dowel steel and the concrete, and even i joint opening. These measurements were 
‘nt of wheel loads of this magnitude were these carefully constructed laboratory spr made under a sequence of statically applied 
" it available, and the effort to relate the tes! mens there is some initial looseness in 1 loads, the magnitude of which was varied 
0 ration to periods of pavement service was seating of the dowel in its socket, althoug from 2,000 to 10,000 pounds by 1 ,000-pound 
_ andoned, at least for the early program these tests its magnitude Was small as will b bicrements. j 
is was then decided to study the structural shown later. The result is that the amount of From the differences in strain and the 

avior of a few specimens under repeated load transferred was always less initially thar differenees in deflection measured on the 

iding; and, on the basis of these observa- the 50-percent theoretical maximum and loaded and unloaded sides of the joint opening, 

ions, make a decision on the question of test tended to decrease as the loadings wer values of relative strain and relative deflection ' 
3 ration and ethers related to the test pro- repeated. were obtained. These terms appear fre- 

dure. \s an important part of the prelin quently in the remainder of the report. 

When a load is applied on one side of the — studies, a representative specimen was sub In this report, unless otherwise noted, all 
| nt under test, a deflection develops in the jected to a test in which a 10,000-pound load — data pertaining to relative strains and relative 
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figure 15.—Effect of dowel diameter on load transfer in the case Figure 16.—Effect of width of joint opening on load transfer in 


of a single dowei. the case of a single dowel. 
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Figure 17.—Effect of douel deflection (dowel stiffness) and slab depth (pavement 
stiffness) on load transfer in the case of a single dowel. 


deflections are based on the average of two 
sets of measurements, one set taken with the 
Static test loads applied to one joint edge and 
the other taken with the same loads applied 
to the adjacent joint edge. 

The data obtained in the testing of the 
specimen are shown in various ways in figures 
5-9, inelusive. These figures illustrate certain 
characteristics of behavior which were found 
to be common in all of the subsequent tests. 

The relation between the statically applied 
loads and the corresponding relative deflec- 
tions of the two slab surfaces, as determined 
after various numbers of loading cycles, is 
Values of relative deflec- 
tion were obtained from measurements made 
with micrometer dials directly 


shown in figure 5. 


above one 
of the dowels nearest the applied load. 

From these data it is apparent that succes- 
sive inerements of load caused progressively 
smaller increments of relative deflection until 
the applied load was approximately 5,000 
pounds. From 5,000 to 10,000 pounds the 
load-deflection relation is linear. This in- 
dicates that during the application of the 
first 5,000 pounds of load the dowels were in 
a state of adjustment in which existing play 
or looseness was being taken up, and a condi- 
tion of full bearing was being established. 
Once this condition had been attained the 
relation increments of load and 
increments of relative deflection became con- 
stant. Thus, through the intercept values of 
the individual slopes on the Y-axis, the graph 
offers a means for estimating the amount of 


between 


dowel looseness or play that’ was present at 
the beginning of the test, as well as the amount 
that resulted from repetitive loading. 
Causes of dowel looseness 

The term dowel looseness as used in this 
report includes all conditions that tend to 
prevent the dowel from offering full resistance 
to load. Conditions which may contribute 
to dowel looseness are coatings applied to 
prevent bond, water or air voids in the 
concrete, particularly under the dowel, shrink- 
age of the concrete during hardening, and 
wear of the dowel socket from repeated load- 
ing. The magnitude of the initial dowel 
looseness indicated in figure 5 is 0.0035 inch. 


The high-bearing pressures between the 
dowel and the concrete, particularly in the 
region above and below the dowel near the 
face of the joint, tend to break down or wear 
the concrete during repetitive loading and 
thus increase whatever looseness may have 
existed initially. The data in figure 5 indicate 
that in this test the 2 million cycles of load 
repetition and stress reversal caused the initial 
looseness to be 


0.003 inch. 
The manner in which this 


increased by an additional 


looseness in- 
creased as the number of load repetitions 
although evident in figure 5, is 
shown in more detail in figure 6. In the latter 
figure the increase in dowel looseness resulting 
from the repeated application of the 10,000- 
pound load is traced throughout the 2 million 
cycles of load application. The individual 
values were determined by the intercepts on 


increased, 


50 





the Y-axis of such curves as are shown in 
figure 5. It is interesting to note in figure 6 
that the increase in developed 
during the first 40,000 cyeles, equals that 
developed by the subsequent 1,960,000 cycles. 

\s stated before, strain values measured in 
the lower flanges of the two support beams at 
midspan provide a direct measure of the 
amount of load being transferred across the 
joint opening by the load-transfer system. 


looseness, 


In the case of the representative specimen 
used in the preliminary studies, figure 7 shows 
the relation between the statically applied 
load and the percentage of load transferred 
after various numbers of application of the 
10,000-pound load, as determined from the 
strain data. In this graph the effect of the 
gradually increasing dowel looseness, under the 
repetitive loading, on the percentage of load 
transferred is quite evident. 

This effect is brought out more clearly, 
however, in figure 8 in which the loss in effec- 
tiveness of the load-transfer system is ex- 
pressed as a percentage of its initial perform- 
ance and traced throughout the 2 million 
cycles of load application. In this figure the 
loss in effectiveness for applied static loads 
of 10,000, 5,000, and 2,000 pounds is shown. 
It is apparent that the load-transfer system is 
much more effective when the slab-end deflee- 
tion is relatively large as is the case with the 
larger loads. The relatively rapid increase in 
dowel looseness during the early part of the 
test as indicated in figure 6 is reflected in the 
strain data of figure 8 also. 

The data shown in figure 5 indicated that 
the dowels in the joint of the representative 
specimen used in the preliminary tests became 
fully seated under an applied load of approxi 
mately 5,000 pounds, and from that load to 
one of 10,000 pounds the relation between 
load increments and increments of relative 
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Figure 18 —Observed percentages of load transfer of 4-dowel 
system compared with computed values of a single dowel for 


a range in dowel diameters. 
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Figure 19.—Observed percentages of load transfer of 4-dowel 
system compared with computed values of a single dowel for 
a range in lengths of dowel embedment. 


The same is true for 
applied load and load 
as measured by the strain data. 
figure 9. It is of 
play 


deflection was constant. 
the relation between 
transferred 
This is brought out in 
interest that once the and looseness of 
the system is taken up the effectiveness of the 
system is relatively after 2 
million repetitions of the application of the 
10,000-pound load this effectiveness has re- 


high, and even 


mained practically unchanged. 
Program of Loading and Observations 
Adopted 


of the 
studies, a 


From a study data obtained in the 
loading and observa- 


tion schedule was adopted which was followed 


preliminary 


in testing all specimens covered by this report, 
with the exception of a few special cases, 

As in the case of the preliminary tests with 
the representative specimen, the program of 
applications of the 10,000-pound 
or 15,000-pound) load was interrupted at in- 
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figure 20.—Observed percentages of load 
transfer of 4-dowel system compared with 
computed values of a single dowel for a 
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tervals to permit the application of a series of 
test loads for which 
deflection and were made. 
The statie test loads ranged from about 2,000 
to 10,000 pounds by 1,000-pound increments. 
In general, no 
data under the 


static measurements of 


relative strain 


attempt was made to obtain 


dynamic load cycle, although 
oscillograms of the strain data 
as will be discussed later. In 


making the measurements with the 


in a few tests, 
were obtained 


various 


static test loads, the load of a given magni- 
tude was removed before the application of 


the load of the next higher magnitude. 
For each load increment, measurements 
were made with micrometer dials to deter- 


deflection of the slab sur- 
With 


system, the 


mine the relative 
faces at the 
dowels in the 


joint. 4 equally spaced 
loading pad was 
located midway between the 2 central dowels. 
The measurements of'relative deflection were 
made close to the joint edge and directly over 
1 of the 2 central dowels. 


Also for each load increment, strains were 


measured at several points. The relative 
strains in the lower flanges of the two support 
beams provided information as to the amount 
of load transferred by the dowels. 
Strain in the upper surface of the concrete 
specimen in the direction of the joint edge and 
at midlength of the joint gave information on 
the transverse bending stress in the concrete. 
In addition, individual 
dowels were determined by means of strain 
static test loads of approximately 
2,000, 5,000, and 10,000 pounds. 

The measurements just described were 
made before the beginning of the application 
of repetitive loads and after 5,000, 15,000, 
10,000, 100,000, 200,000, 300,000, 400,000, 
500,000, and 600,000 load cycles. This fre- 
quency was adequate to establish the behavior 
pattern of the various specimens without being 
unduly time consuming. 

On the basis of the preliminary studies it 
was decided to terminate the repetitive load- 
ing test on a given after 600,000 
The data that significant 
developed this number of 
had applied, and that changes 
between this number and 2 million cycles were 
What this represents in terms of 

known, as was stated earlier. 
600,000 applications of a 10,000- 
pound load at a given spot on the joint edge 
of a pavement under traffic 
sentative of a considerable period of service 


being 


bending stresses in 


gages at 


specimen 
cycles. showed 
changes before 
cycles been 
very small. 
traffic 
However, 


is not 


must be repre- 
on many highways. From the standpoint of 
the test the application of 600,000 
cycles of loading required 6 weeks as a mini- 
mum, and about all the 
that devoted to test 
specimen. 

After preliminary tests and consideration 
of the data, it was decided to use span lengths 
for the support beams that would cause a 
midspan deflection of 0.01 inch for an applied 
load of 1,000 pounds, assuming no load trans- 
fer across the joint. With an applied load of 
10,000 pounds, as in a test, the midspan de- 
flection would then be approximately 0.10 
inch with no load transfer or 0.05 inch with 
the assumed ideal condition of complete load 


program, 


this seemed to be 


time should be one 
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Figure 21.—Load-transfer percentages computed for single and 
multiple dowels for a range in subgrade support values. 
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Figure 22.—Data on initial dowel looseness. 
transfer. This deflection rate is somewhat diameters, ranged from 2 to 12. The actual 
greater than that which usually prevails at a dowel lengths are shown in table 1. The 
transverse joint edge of a fully supported con- = widths of joint opening used in the test were 
crete pavement slab. Many slab ends are not 145 inch, 's inch, 34 ineh, and 1 inch. 
fully supported, however, and deflection rates The amount of load that can be transferred 


of the magnitude just mentioned have been — by a dowel or dowel system depends upon (1) 
measured, From the testing standpoint it was the load carrying capacity of the dowel under 
believed that data developed at the rate the most favorable conditions, (2) the amount 
selected would be more sensitive to structural by which this optimum capacity is reduced 
deterioration in the load-transfer svstem than 





Table 1.—Actual dowel lengths included in 
the study of length of dowel embedment 





Diameters of Lengths of dowels—in inches 
dowels (inches) 


44 3.75 6.75 12.75 18. 75 
l 4.75 8.75 16.75 24.75 
1% 5.75 10. 75 20. 75 











by what has been termed initial dowel loose- 
ness in this report, and (3) the amount by 
which initial capacity to transfer load has 
been reduced by subsequent repetitive load- 
ing. Accordingly, the data obtained in the 
major part of the test program being reported 
are presented and discussed in the order 
mentioned. 


Load Transfer Under Ideal 
Conditions 


In the discussion of figure 5 earlier in the 
report, it was noted that the relation between 
increments of applied load and increments of 
relative deflection of the abutting slab edges 
did not become constant until a statie test 
load value of about 5,000 pounds was reached. 
It was concluded that at this point a condi- 
tion of full bearing of the dowel in the con- 
crete socket had been established. The linear 
portion of the relation which was found for the 
higher loadings thus may be taken as repre- 
sentative of true elastic deformation of the 
dowel and the concrete, and hence a means 
by which the capacity of the system to trans- 
fer load under the most favorable conditions 
can be determined. 

It was decided that for studving the effects 
of varying dowel diameter, length of dowel 
embedment, and width of joint opening a 
useful index would be the amount of dowel 
deflection resulting from a shear load of 1,000 
pounds—the term dowel deflection  repre- 
senting relative deflection with the dowel in 
full bearing on the conerete. Such an index 
could be obtained from the linear portion of 
the load-relative deflection relations, such as 
































those which were developed at a lesser rate. a 
Twenty-nine specimens were tested in the z 
studies of the three variables of dowel diam- o M5 Oo 
eter, length of dowel embedment, and width » = fe) ™ 
of joint opening. One specimen (the first) was | 2 OS 
carried through only 57,000 loading cycles and « ™ a * 
the data are not included; two were used in i tin ° 
special tests outside the program. Thus, 32 ° on i \enalidane 
specimens in all were constructed. e “fF y if T 5 ONCE Lass 
. ; . ; : P = “Oo 
Of the 29 specimens in the studies of the 3 - 
major variables, 8 were used in studies of the S 
effects of dowel diameter, 20 in the studies of 3 COMPUTED . 
length of dowel embedment, and 8S in the = ad | 
studies of the effeet of width of joint opening. = 
The data from certain specimens could be hf 
used for more than one comparison which ° a |b | it 
accounts for the apparent discrepancy in : 
numbers of specimens, - 10,000-POUND STATIC TEST LOAD 
The dowel diameters used in the tests were 2 0.1 INCH FREE - EDGE DEFLECTION 
5. inch, 44 ineh, 7 inch, 1 inch, 1's inches, sio I | i | 
and 1', inches. In the studies of the effeet O 0Ool 002 003 004 005 .006 .0O7 .008 009 
of length of dowel embedment, a constant INITIAL DOWEL LOOSENESS ~ INCHES 
width of joint was used throughout; and the Figure 23.—Relation between initial dowel looseness and loss in potential ability to transfe! 
lengths of embedment, expressed in dowel load. 
10 
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Figure 24.—Effect of initial duwel looseness on loss in potential ability to transfer load for 


certain combinations of dowel diameter and slab depth. 


those shown in figure 5, by any one of the 
three methods described briefly in the follow- 
ing paragraphs. 

Method 1.—Loads ranging from 5,000 to 
10,000 1,000-pound 
were applied. Relative deflections were meas- 
ured over each of the four dowels. 


pounds by increments 

Average 
shear in the load-transfer system was deter- 
mined from strain values in support beams 
and related to relative deflection 
values. This method was used in 19 tests. 

Method 2.- 
in method 1. Relative deflections were meas- 
ured over one dowel adjacent to the load only. 
Shear value for this particular dowel was 


average 


Applied loads were the same as 


arrived at by distributing total shear among 
the four dowels according to value of bending 
strains in each one. Each point defining the 
relation is an average of 10 test values. This 
method was used in 18 tests. 

Method 8. 
larly scheduled test on a 4-dowel system, the 
2 outer dowels were cut through so that only 
Aver- 
age shear and relative deflection values were 
obtained as in method 1. 
Was used in 12 tests. 


After completion of the regu- 


the 2 central dowels remained active. 
This procedure 


In four tests all three methods were used 
and in the majority of the remainder two 
methods were used. Typical data from the 
three methods on a single specimen are shown 
in figure 10. 
the straight lines were drawn to pass through 
the origin (although the origin for method 3 
is off the graph). It was concluded that 
essentially the same index value was obtained 
by each method. 


For convenience in presentation 


Where two or three methods 
Were used on a single specimen, the values 
obtained were averaged. 


Effect of Design Features on Load 
Transfer 


In figures 11-14 the dowel-deflection index 
Values just described have been utilized to 


s\udy the effects of varying the principal de- 
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length of 
dowel embedment, and width of joint opening 


sign features of dowel diameter, 


The index values provide a measure of the 
relative load-transfer capacity for the par- 
ticular conditions involved. The larger the 


index value, the less effective is the svstem 
Dowel diameter 

In figure 11, the dowel-deflection index 
data are utilized to show the effect of varia- 
tions in dowel diameter. These data are 
from tests in which the width of joint opening 
was 34 inch. As indicated, four of the values 
were for a 6-inch slab depth, two for an 8-inch 
slab depth, and one for a 10-inch slab depth. 
Thus some information is provided on the 
influence on dowel deflection of the depth of 
concrete above and below the dowel. 

If one considers a dowel as a cantilever 
being deflected by a vertical force equal to 
the shear on the dowel, it is apparent that the 


deflection at the point of load application will 


008 


be the result of (1) the deformation of the 
concrete under the bearing load exerted by 


the dowel, (2) the angular change in direction 
of the dowel axis resulting from the deforma- 
tion of the concrete, and (3) the elastic bending 
of the dowel itself. 

In his analysis of dowel design, Friberg (4) 
considered each of these factors and combined 
them in a single formula for the deflection of 
a dowel crossing a joint. It is of interest 
to compare the values of dowel deflection 
observed in the experiments being reported 
with values 


corresponding computed — by 


Friberg’s formula (see appendix), utilizing 
the elastic properties which existed in the 
present tests. This comparison is made in 
figure 12 in which the deflection values deter- 
mined four dowel 


sizes in the specimens of 6-inch depth are 


experimentally for the 


shown as plotted points, while the relation ob- 
tained with the formula is shown as the solid 
line. It is apparent that the relation between 
dowel diameter and dowel deflection is an 
exponential one in each case, although the 
value of the exponent found in these experi- 
different than that in 
formula. For the 


ments is somewhat 
the theoretical dowel 
diameters greater than 34 inch, it is apparent 
also that the deflection values found in the 
present experiments are quantitatively not 
different) from 


the formula. 


greatly those computed by 


Length of dowel embedment 

The deflection index data may be used also 
to study the effect of varying the length of 
embedment (or bearing on the conerete) on 
the ability of the dowel to resist loads. In 
figure 13, dowel-deflection index values are 
shown for 3 dowel diameters (*4 inch, 1 inch, 
and 1', inches) and for a range of lengths of 
embedment from 2 to 12 diameters. The 
width of joint opening was 34 inch in all cases. 
It will be observed that the greater the stiff- 
ness of the dowel itself, the less the length of 
its embedment, in terms of dowel diameter, 
influences the deflection. 

The relation shown for the 34-ineh diameter 
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. Figure 25.—Effect of length of dowel embedment on the development of 
dowel looseness under repetitive loading. 
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Figure 26.—Effect of increasing the magnitude of the repeated load on the development of 
dowel looseness. 


dowel indicates that for a width of joint 
opening of *4 inch an embedment of about 8 
diameters is required to develop maximum 
resistance. For a l-inch diameter dowel and 
a %4-inch joint opening, maximum resistance 
is obtained with an embedment of about 6 
diameters, whereas for a 14-inch diameter 
dowel an embedment of about 4 diameters 
develops maximum resistance. It should be 
borne in mind that these embedment lengths 
are for concrete of relatively high strength and 
for dowels that are embedded with unusual 
care. Whether the same relations would 
hold for conerete of lesser strength can only 
be determined by further tests. Such tests 
should be made, as the present data point to 
the possibility of a considerable savings in 
steel requirements for dowels, particularly 
with the larger diameter dowels now coming 
into use. 
Width of joint opening 

In figure 14 (p. 7) the dowel-deflection index 
values are arranged to show the effect of 
increasing the width of joint opening. The 
data are for a dowel embedment of 8 diameters 
in all eases. The dowel diameters are %4 
inch, 1 inch, and 1'4 inches and the depth 
of the slab varies with dowel diameter in the 
manner indicated. As would be expected, 
there is a marked increase in dowel deflection 
as the width of joint opening is increased, 
the deflection of a given dowel size being ap- 
proximately doubled as the width of opening 
is increased from ig to Linch. This indicates 
that a given dowel size provides appreciably 
more load transfer in a contraction joint than 
in an expansion joint, other conditions being 
the same. The influences of dowel diameter 
and the depth of the concrete above and 
below the dowel that were noted earlier are 
apparent in this graph also. 


Significance of Dowel Deflections 


The effectiveness of a load-transfer system 
can be measured by the amount it reduces 
free-edge load stress or by the amount it 
reduces free-edge load deflection. 
criteria are related but are not 
the same, and_ their 


12 


The two 
necessarily 


relative importance 


depends upon the overall structural design 
of the pavement. In the tests being reported, 
the effects of repetitive loading on slab 
deflections rather than on slab stresses are 
being studied. 

One measure of the extent of load being 
transferred across a pavement joint by a dowel 
or other load-transfer unit is the amount by 
which the magnitude of the free-edge deflec- 
tion of the pavement, under a given applied 
load, is reduced by the presence of the load- 
transfer unit. This relation was discussed in 
the report of the Arlington tests (2) (see 
Pusuic Roaps, vol. 17, No. 7). Subsequently 
it was expressed for the case of a single dowel 
in a formula by Friberg in his ASCE paper (4) 
and by Richart and Bradbury in discussions 
of Friberg’s Highway Research Board paper 
(4). While the form of the expression used 
by the three authors differed somewhat, the 
relation expressed was basically the same. 
The derivation is based on the premise that 
the deflection of the pavement edge on which 
the load is applied must equal the deflection 


.00O5 





of the dowel plus the deflection of the adjacent 
slab edge. Thus the load applied to the latter 
through load transfer is equal to the dowel 
shear. For the relation to hold, it is implicit 
that either there be no looseness of the dowel 
in its socket or 
eliminated. 


any existing looseness be 


The proportionate part of the applied load 
that is transferred to the adjacent slab by the 
dowel may be obtained from the following 
expression: 


] ’ 
i 100 formula (1) 


In which: 

p=Proportion of load transferred. in 
percent. 
deflection 
shear, in inches. 


ya= Dowel caused by unit 
Y p= Free-edge deflection of the pavement 
caused by unit load, in inches. 


The expression indicates that under the ideal 
conditions assumed and within the elastic 
range of the materials involved the percentage 
of load transferred is independent of the load 
magnitude. It shows also that the percentage 
depends upon the relative stiffnesses of the 
dowel and of the pavement and, in turn, those 
factors which affect the stiffness of either. 

In figures 15-17, experimental dowel stiff- 
ness (deflection) data taken from figures 11 
and 14 have been combined with pavement 
stiffness (deflection) values computed with 
Westergaard’s equations (see appendix) in the 
expression given as formula 1 to bring out the 
inter-relationships that exist between dowel 
size, width of joint cpening, slab depth, and 
modulus of subgrade reaction. ‘These com- 
parisons apply to a single dowel. 

Figure 15 (p. 7) shows, for the two cases of 
joint-edge and corner loading, the relations be- 
tween dowel diameter and percentage of load 
transferred, as the modulus of subgrade reac- 
tion k is varied from 50 to 300 pounds per cubic 


inch (p. ec. i). It is indicated for the con- 
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Figure 27.—Relations between dowel diameter and dowel looseness 
resulting from 600,000 cycles of a 10.000-pound load (base meas- 
urements obtained at first cycle). 
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Figure 28.—Relations between length of dowel embedment and 
dowel looseness resulting from 600,000 cycles of a 10,000-pound 
load (base measurements obtained at first cycle). 


ditions stated that an appreciable increase in 
the percentage of load transferred is obtained 
by increasing the diameter of the dowel, the 
rate of the increase becoming greater as the 
supporting power of the subgrade becomes 
greater. For the subgrade 
modulus, k, is changed from 50 to 300 p. c¢. i., 
the rate, as expressed by the increase in per- 


example, as 


centage of load transferred per !4-inch increase 
in dowel diameter, increases from 1.90 to 2.77 
for edge loading and from 1.23 to 2.57 for 
corner loading. 

Two important structural benefits are ob- 
the the dowel is in- 
creased: increased dowel rigidity with better 
load-transfer ability and greater bearing are¢ 


tained as diameter of 


on the conerete with reduced bearing pres- 
sures immediately above and below the dowel. 

The effect of changing the width of the 
joint opening on the percentage of load trans- 
ferred by a single dowel is shown in figure 16 
(p. 7) for the two cases of loading with the same 
pavement depth and range of values of the 
subgrade modulus, k, mentioned in the dis- 
cussion of figure 15. It is indicated by these 
relations that as the stiffness of the subgrade 
becomes greater the effect of joint width on 
oad transfer becomes greater also. 

ln figure 17, the theoretical relation between 
he percentage of load transferred and the 
vel stiffness is shown in a somewhat differ- 
manner. By means of the Westergaard 
‘quations and for the conditions stated, the 
ition between load and deflection was 
‘stablished for the freé edge and free corner 
f pavement slabs of 6-, 8-, and 10-inch depths. 
These deflection values were used in formula 
» obtain the percentage of load transferred 
by a single dowel as the stiffness of the dowel 
Was varied for each of the three slab depths 
ust mentioned. The resulting relations are 
shown in figure 17 as a family of three full-line 


. 
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curves. In this group of theoretical relations, 
the observed experimental dowel deflection 
values have been shown as plotted points. 

Figure 17 is of particular interest because 
any horizontal line, such as the dashed-line 
shown, indicates a relation between slab 
depth and the size of dowel necessary to 
accomplish a given percentage of load transfer. 
For example, it indicates that for pavements of 
6-, 8-, and 10-inch depths, dowels of 34-, 1%e¢-, 
and 1%-inch diameters, respectively, might 
be expected to effect the same percentage of 
load transfer for the joint-edge loading; and 
that dowels of 34-, 1-, and 1%-inch diameters 
would do the same for the joint-corner load- 
ing. 

It is realized that the experimental data 
on which this relation is based are somewhat 
meager, particularly for the 8- and 10-inch 
slab depths. However, it is believed that 
the analysis is a valid one, and it is to be noted 
that the relation indicated is concordant with 
the recommendations of the 
crete Institute (8). 
approximate 


American Con- 
It might be stated as an 
follows: For round 
steel dowels at 12-inch spacing with a joint 
opening of % inch or less, the diameter of the 
dowel in eighths of an inch should equal the 
pavement depth in inches. 


rule, as 


Load-Transfer Capacities of Single 
and Multiple Dowels Compared 


The discussion of load transfer up to this 
point has been confined to that provided by a 
single dowel functioning under ideal condi- 
tions. In the investigation being reported 
for reasons stated earlier, a system of four 
dowels was used in each specimen and the 
deflections of the joint edge under the loads 
used were relatively large as pavement deflec- 


tions go. The tests do provide some compara- 


tive data, however, and it is of interest to 
examine the comparison between the single 
dowel and the 4-dowel system for the three 
major variables of dowel diameter, length of 
dowel embedment, and width of joint opening 
as shown in figures 18, 19, and 20, respectively. 

In preparing these figures the load-transfer 
capacity values for the 4-dowel system were 
obtained in the manner described in connec- 
tion with figure 9, each value being based on 
10 individual tests with a given dowel system. 
The comparative values for the single dowel 
were computed by formula 1 using dowel 
stiffness data given in figures 11, 13, and 14, 
and a free joint-edge deflection rate of 0.01 
inch per 1,000 pounds of applied load. It is 
important to keep in mind that the relations 
shown in these graphs represent performance 
under the most favorable or optimum condi- 
tions. This and the relatively high deflection 
rate which applies to these test values explain 
the high percentages of load transfer shown in 
the graphs. 

Stated in another way, the percentages 
shown would be found only where the dowel 
functioning was perfect and where there was 
relatively weak subgrade support on both 
sides of the joint. Had the deflection rate 
been smaller, as would be the case with a 
stronger subgrade, or had the dowel action 
been .less than perfect, or both, the general 
level of load transfer would have been lower. 
Regardless of the magnitude of the load- 
transfer percentages, the comparison between 
the performance of the 4-dowel system as 
observed in the tests and that of the single 
dowel as computed by the formula is believed 
to be valid and of interest in the analysis of the 
data. 

As will be observed in figures 18-20, the 
trends for the three major variables of dowel 
diameter, length of dowel embedment, and 
width of joint opening are essentially the same 
for the 4-dowel system and the single dowel. 
It is evident that a good correlation exists 
throughout; and, for a given percentage of 
load transferred by the single dowel, an essen- 
tially constant numerical difference exists 
between the load-transfer capacity of the 4- 
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Figure 29.—Relations width of 
joint opening and dowel looseness result- 
ing from 600,000 cycles of a 10,000-pound 
load (base 


first cycle). 
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Figure 30.—Comparison of dowel looseness developed at 0.01- and 
0.02-inch free joint-edge deflection rates after 600,000 cycles of a 


10,000-pound load. 


dowel system and the single dowel, irrespective 
of relations for dowel diameter, length of em- 
bedment, or width of joint opening. 

Whether or not this generalization would 
hold for other rates of joint-edge deflection 
was not established definitely by these tests. 
However, an analysis of the data from six tests 
in which the free-edge deflection rate was 
double that shown in figures 18-20 indicates 
that it might apply; and, on the assumption 
that it does, figure 21 (p. 9) was prepared to show 
the general effect of the stiffness of the support 
afforded by the subgrade on the load-transfer 
capacity of a dowel or dowel system. 

The plotted 
points were obtained with formula 1, utilizing 


computed values shown as 


dowel deflection rates from the tests being 
reported, slab-edge deflection rates computed 
by means of the Westergaard equations for 
the several values of the subgrade modulus, k, 
and the relation between single and multiple 
dowel load-transfer characteristics established 
by the data shown in the preceding graphs. 
It will be that the 
deflection rates for the 44-ineh diameter dowel 
in a 6-inech depth slab, the 


noted observed dowel 
l-inch diameter 
dowel in an 8-inch depth slab, and the 1!4-inch 
diameter dowel in a 10-inch depth slab were 
utilized in the computations. 

Of the several comparisons available for 
ideal conditions represented in figure 21, 
probably the most significant is the one which 
shows how the stiffness of the subgrade sup- 
port influences the load transfer that can be 
obtained with a given system. As has been 


stated, it was for this reason that figure 21 


Was prepared. 


kffect of Initial Dowel Looseness on 
Load Transfer 


The discussion thus far has been concerned 


principally with dowel performance with 


looseness climinated. Karly in the report, 


dowel looseness was defined as including all 


conditions that tend to prevent the dowel 


14 


from offering full resistance to load. Among 


the conditions which contribute to dowel 


looseness were mentioned coatings used to 
prevent bond, air or water voids in the con- 
crete, shrinkage of the conerete during harden- 
ing, and wear of the dowel socket during 
repetitive loading. 

It may safely be assumed that some initial 


looseness will always exist in doweled joints 


O . 





as they are built in practice, and the effect of 
such looseness on load transfer is a matter of 
considerable interest. 

It is obvious that a dowel or dowel system 
does not function at maximum 
efficiency until all initial looseness is taken 
up by deflecting the pavement on the loaded 
side of the joint farther than would be neces- 
if ‘initial present. 
Thus the effect of looseness is to reduce the 
potential usefulness of the load-transfer 
system by an amount that depends upon the 
degree of dowel looseness that exists. 

If it is assumed that slab deflection is pro- 


begin to 


looseness were not 


sary 


portional to applied load and, in general, this 
is a valid assumption (see PuBLic Roaps, 
vol. 23, No. 8) (2), the loss in potential load- 
transfer capacity resulting from initial loose- 
load-transfer 


ness in the system can be 


expressed for a given load as follows: 


lj 
Ap 100 formula (2) 
Y 


In which: 
Ap=Loss in potential load-transfer ca- 
pacity, in percent. 
/,= Initial 
system, in inches. 


looseness in load-transfer 


y= Free-edge deflection of the pave- 
ment caused by the load in ques- 
tion, in inches. 

The expression indicates that the loss in 
potential load carrying capacity, while inde- 
pendent of the capacity of the system, in- 
creases directly with the magnitude of the 
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Figure 31.—Relations between dowel diameter and loss in initial 
capacity to transfer load resulting from 600,000 cycles of a 10,000- 
pound load (base measurements obtained at first cycle). 
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initial looseness and decreases as the magni- 
tude of the free-edge deflection increases. 

In figure 22 are shown data on the initial 
looseness for the dowel systems of various 
specimens tested in the investigation being 
reported. The values were determined in 
ithe manner shown in figure 5, that is, by 
extending the linear part of the relation 
shown before repetitive loading was started 
to its intercept with the Y-axis. In figure 22 
the values are grouped according to the design 
variables of dowel diameter, length of dowel 
embedment, and width of joint opening. 

It is apparent that the values shown tend to 
be erratic among the various specimens. The 
magnitudes are all relatively small, ranging 
from 0.0015 to 0.0045 inch. There is no appar- 
ent trend with either length of dowel embed- 
ment or with width of joint opening. There 
does appear to be a rather systematic decrease 
in initial looseness as the diameter of the 
dowels is increased, however. 

The effect of initial looseness of a dowel sys- 
tem in reducing its potential capacity to trans- 
fer load is shown for stated conditions in 
figure 23. The loss values in this figure are 
differences between load transfer for the ideal 
condition of no initial looseness and that ob- 
served for the first load cycle when only initial 
looseness was present. The theoretical or com- 
puted relation was established with formula 2, 
using a free-edge pavement deflection of 0.1 
inch and assumed values of initial dowel 
Figure 23 shows good agreement of 
observed data with the relation as computed. 

The plotted point on the right-hand side of 
figure 23 at an initial looseness value of 0.0085 
inch is of interest. 


looseness. 


It represents a condition 
encountered in one of the first specimens to be 
constructed. The dowels were held in a parti- 
tion form of dry wood. The swelling of the 
wood as it absorbed moisture from the con- 
crete is believed to have caused enough vertical 
movement of the dowels to develop the un- 
usual looseness observed in this specimen. 
Subsequently, the wood partition was sub- 
merged in water for at least 24 hours, and this 
resulted in a marked improvement. However, 
after a few specimens had been made, the use 
of wood was abandoned and a removable steel 
partition was built and used in the construc- 
This 
eliminated the possibility of any water absorp- 
tion. 


tion of a majority of the specimens. 


Figure 24 shows certain derived relations, 
based on observed data and theory, designed 
to bring out the practical significance of initial 
looseness in a doweling system. The test speci- 
mens selected for analysis were as follows: 

Initial looseness, 


Slab depth, average all specimens, 


Dowel diameter, 
ini in inches in inches 


in inches 


34 6 0). 0032 
1 S . 0026 
1% 10 . 0024 


The relations shown in figure 24 were ob- 
tained for these three cases by means of for- 
mula 2, utilizing the Westergaard formulas for 
computing values of free-edge deflection for a 
10.000-pound load and selected values of the 
modulus of subgrade reaction. These relations 
are useful in making evident the important 
losses in load-transfer capacity that can be 
caised by relatively small degrees of initial 
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Figure 32.—Relations between length of dowel embedment and loss 
in initial capacity to transfer load resulting from 600,000 cycles of 
a 10,000-pound load (base measurements obtained at first cycle). 


looseness in the doweling system, particularly 
for firmer subgrades and thicker pavements 
where load-deflection magnitudes are small. 


Effect of Repetitive Loading on Load 
Transfer 


The load repetitions and load reversals, as 
applied in these tests, caused a progressive in- 
crease in the looseness of the dowels as it 
existed initially. The increase in looseness 
was accompanied by a progressive loss in load- 
transfer capacity, as would be expected. This 
change under repetitive loading is attributed 
to a breakdown or wear in the concrete of the 
dowel socket below the dowel, 
particularly in the region near the joint face, 
caused by the repeated application of intense 


above and 


bearing pressure. 

It is of interest to note that after as many as 
2 million cycles of the application of a 10,000- 
pound load at a joint containing four %4-inch 
diameter dowels, the wear or ‘‘funneling’’, as 
it is sometimes called, was so small as to be 
undetectable by visual examination. The 
change was readily measurable with the in- 
strumentation used in the however. 
Typical test data are shown in figures 25 and 


26. 


tests, 


In figure 25, the effeet of embedment length 
is shown to be an important variable affecting 
both the magnitude and the rate of develop- 
ment of the looseness caused by repetitive 
loading. 

The load magnitude is shown in figure 26 
After the rate 
of inerease of looseness had reached a very 
small value following the application of 
600,000 evcles with the 10,000-pound load, an 
increase of load to 


to be an important variable. 


15,000 pounds brought 
about an immediate increase in the rate of 
development of further looseness, a change 
which had not completely stabilized after an 
additional 500,000 cycles of this loading. 

These figures are of interest because they 
show the manner in which looseness of the 
dowel develops under repetitive loading and 
indicate some of the variables involved. 

In these tests, measurements of the relative 
deflection of the joint edges provide informa- 
tion concerning the initial looseness in the 
load-transfer system and the manner in which 
this initial looseness increases as the dowels are 
subjected to repetitive loading. Measure- 
ments of relative strain provide information 
on the changes in the load transferring ability 
of the dowel system as the repetitive loading 
proceeds. From the data obtained, it is pos- 


15 




































































] 7 
———— — sil lc aa aan A= — — — 
T | 
10,000 - POUND a 
STATIG TEST LOAD | 
- 8 + 
= 
= 0 . . 
us 
ao | 
WwW } 
a Mm “A 
+ ——— > 7 
« 8 ag aaieaaa, aac 
Ww) 5,000 - POUND | 
-" STATIC TEST LOAD | 
| | 
or 
K-16 } iB aa 
q 0 T ] 
= | | 
= | 
a 2,000 — POUND | 
fo | STATIG TEST LOAD | 
zZ | 
- “I 
Ww 
3 x 
4 
8-DIAM. DOWEL EMBEDMENT 
RATE OF FREE - EDGE DEFL. = 
| 0.01 INCH PER 1,000 -LB. LOAD 
24 l if om 
0 i 5 3 


WIDTH OF JOINT OPENING - INCHES 


O— } -INCH DIAM. DOWELS, 6- INCH SLAB DEPTH 
X—I-INCH DIAM. DOWELS, 8-INCH SLAB DEPTH 
4—14-INCH DIAM. DOWELS,!10-!INGH SLAB DEPTH 


Figure 33.—Relations between width of joint opening and loss in 
initial capacity to transfer load resulting from 600,000 cycles of a 
10,000-pound load (base measurements obtained at first cycle). 


sible to relate the data from the two types of 
measurement. 

Considering first the changing magnitude 
of dowel looseness as the dowel system is 
subjected to load repetition and complete 
stress reversal, the data have been examined 
from the standpoint of the three design varia- 
bles—dowel diameter, length of dowel embed- 
ment, and width of joint opening. The effects 
of each of these variables on the development 
.of dowel looseness under repetitive loading 
are shown in figures 27, 28, and 29, respec- 
tively. In each of these graphs, the magnitude 
of the looseness resulting from the applica- 
tion of 600,000 cycles of a 10,000-pound load 
forms the basis of comparison and is related to 
the several design variables for the other test 
conditions stated. 

It is apparent from the relations shown in 
these graphs that the dowel looseness caused 
by the application of 600,000 cycles of repeti- 
tive loading is, in general, rather small—its 
magnitude being no greater than that which 
existed before the application of the loads, 
as shown in figure 22. 

The values of dowel shown in 
figures 27-29 were obtained in tests with a 
free-edge deflection rate of 0.01 inch per 1,000 
pounds of load. A limited amount of com- 
parable data were obtained in tests in which 
a free-edge deflection rate of 0.02 inch was 
used. 
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looseness 


The comparison shown in figure 30 


relates length of dowel embedment to the 
dowel looseness, developed by 600,000 cycles 
of repetitive loading, for each of the free-edge 
deflection rates mentioned. It is indicated 
that the deflection rate has little effect on the 
relation between length of dowel embedment 
and dowel looseness. The actual magnitude 


of the looseness is affected, however, since 
the greater the free-edge deflection rate the 
greater the looseness, other conditions being 
constant. 

The rate of development of dowel looseness 
under repetitive loading would be expected 


to depend primarily upon three factors: 
intensity of the bearing pressure between the 
dowel and its concrete encasement, the num- 
ber of load applications, and the strength of 
the concrete. The present tests have thrown 
considerable light on the effects of both pres- 
sure intensity and the number of load appli- 
cations, but not on the effects of variations in 
the strength of the concrete because, as was 
stated earlier, every effort was made to have 
the concrete uniform and of high quality. 

Since the development of dowel looseness 
under repetitive loading leads directly to a 
reduction in the load transferring ability of a 
dowel system, it is of interest to examine the 
data on loss in load transfer from such load- 
ing as determined from the strain measure- 
ments. 

Figures 31-33 show the extent to which the 
initial load-transfer capacity of typical load- 
transfer systems deteriorated under 600,000 
cycles of repetitive loading in which a 10,000- 
pound load was applied alternately on either 
side of the joint in each cycle. 

The data in these graphs, expressed as per- 
centages of the initial capacity of the par- 
ticular joint system to transfer load, were 
taken from relations such as those in figure 8. 
They have been arranged in the three graphs 
to show how the three design variables of 
dowel diameter, length of dowel embedment, 
and width of joint opening affect the loss in 
load-transfer capacity caused by repetitive 
loading. In each case, observed values are 
for statie test loads of 2,000, 5,000, and 10,000 
The effect of any structural deteri- 
oration that develops is always most readily 
under the 2,000-pound static test 


pounds. 


apparent 

load. 
Referring to figure 31, the data indicate 

that as the diameter and corresponding bear- 
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Figure 34.—Relation between dowel looseness and loss in initial capacity to transfer load, 
after 600,000 cycles of a 10,000-pound load. 
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Figure 35.—Example of relations between load applied at indicated joint 
edges and stress in dowels at indicated gage point before the application 


of repetitive loading. 


ing area of the dowel is increased, there is a 
marked improvement in the degree to which 
the initial capacity to transfer load is pre- 
served during repetitive loading. The im- 
portant influence of unit pressure in the dowel 
seat is emphasized by the data relating to 
dowel diameter. 

In figure 32 the effects of varying the length 
of dowel embedment are shown. Although 
the point at which curvature begins in these 
relations is not precisely established by the 
data, it is indicated that where the embed- 
ment length is 8-dowel diameters or more 
there is no effect on the loss of initial load- 
transfer capacity. Where the embedment 
length is 4-dowel diameters, there is little 
effect for the l-inch and 14-inch diameter 
dowels; while for an embedment length of 2- 
dowel diameters, there is a marked effect with 
all } dowel diameters. Thus, so far as losses 
of load-transfer capacity under repetitive load- 
ing are concerned, it is indicated that other 
desicn considerations will probably determine 
the length of dowel embedment. 

In figure 33, the data are arranged to show 
the effect of varying the width of joint open- 
ing on the losses of the initial load-transfer 
Capacity which were caused by the 600,000 
‘ycies of repetitive loading. It is indicated 
that as the width of opening is increased from 
te 'O 1 inch there is an increase in the magni- 
‘ude of the loss. It is indicated also that the 
rat’ diminishes rapidly with increase in width 
of joint opening. The data show one of the 
ns why repeated loading would tend to 
Cac less impairment of initial load-transfer 
effi eney in a contraction joint than would the 
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same loading applied to a similarly doweled 
expansion joint. 

As mentioned earlier in this discussion of the 
effects of repetitive loading on load transfer, it 
is possible to relate data from the deflection 
measurements with those obtained from the 
strain measurements. In figure 34 the data 
from each type of measurement after 600,000 
cycles with a 10,000-pound test load are com- 
pared. The increases in dowel 
eaused by the repetitive loading were de- 
termined from the relative deflection data, 
whereas the losses in initial load-transfer 
values were obtained from strain measure- 
ments. The computed relation was devel- 
oped with formula 2 as described in the dis- 
cussion of figure 23, the dowel looseness caused 
by the repetitive loading being substituted for 
initial looseness. 

It may be concluded from figure 34 that 
there is an excellent correlation between the 
indications of the deflection data and those 
based on strain measurements on this im- 
portant subject of the effects of repetitive 
loading on load transfer. 


looseness 


Some Dowel-Stress Data Obtained 


Bradbury (3) and later Friberg (4) analyzed 
on the basis of theory the pressure, shear, and 
bending moment distributions developed in a 
steel dowel bar embedded in concrete, crossing 
an open joint, and acted upon by a load ap- 
plied on one side of the joint. Recent experi- 
mental studies (9) have tended to verify the 
general validity of the earlier analyses. 

When the present investigation was planned, 
no scheduled measurements of strains in the 


dowels or in the surrounding concrete were 
included. The measurement of strain either 
in the dowel or in the concrete, by the means 
presently available, usually involves the intro- 
duction of some disturbing modification in 
the materials or in the bearing of the dowels 
on the concrete that alters to some degree the 
basic condition being tested. It was for this 
reason that strain measurements at critical 
locations in the dowels or in the surrounding 
concrete were omitted from the scheduled 
measurements. However, a limited amount 
of strain data were obtained in specimens 
having a width of joint opening of % inch or 
greater by means of resistance type gages 
cemented to the dowel in the joint opening 
where no bearing contact was involved. It 
is recognized that these gages did not measure 
strains at the points of maximum bending 
moment, The data are of interest and some 
value, however, and are included in this report 

The strain gages used were SR-4, type A-7, 
with an effective gage length of }44 inch. They 
were bonded to the dowels along the upper 
element of the cylindrical dowel surface after 
the specimens were in place in the testing 
machine. The gages were used on each of the 
four dowels of a given specimen. In most 
eases the gage was so positioned that the 
center of its gage length was %2 inch from the 
vertical face of the concrete in which the dowel 
was embedded. <A gage in this position pro- 
vides two strain values during a given loading 
eycle: one value as the load is applied on that 
half of the specimen nearest the gage position, 
and a second value as the load is applied on 
the opposite half of the specimen. 

Theory indicates that with a dowel installa- 
tion of usual vertical force 
applied outside of the encasing concrete should 
develop the maximum bending moment in the 
dowel at a point within the concrete a short 
distance back from the joint face. As 
mentioned earlier it would have been desirable 
to have had a strain gage at this point, but 
its presence would have affected other condi- 
tions more important in the current investi- 
gation. In the graphs and discussion which 
follow, measured strains have been converted 
to stress values using modulus of elasticity 
values determined by tests. 

Figure 35 shows load-stress data obtained 
with a specimen having 34-inch diameter 
dowels and a %-inch width of joint opening, 
when tested with a free-edge deflection rate 
of 0.01 inch per 1,000 pounds of applied load 
and before there had been any repetitive 
loading. The diagram shows also the details 
of the loading and strain gage positions with 
respect to the dowels. 

The data in figure 35 are typical of those 
obtained in all of the dowel systems tested in 
a number of respects, as follows: 


dimensions a 


1. The load-dowel stress relations are essen- 
tially linear within the load range of 2,000 to 
10,000 pounds. Departures from linearity at 
the lesser loads are believed to be due to initial 
adjustments in the seating of the dowels in 
their sockets. 

2. The stresses in the two dowels nearest 
the loaded area are greater than those in the 
dowels farther from the load, indicating greater 
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AVERAGE SHEAR PER DOWEL — HUNDREDS OF POUNDS 


Figure 36.—Example of relations between average shear per dowel and 


average stress per dowel at gage point indicated in figure 35. 


load 


expected. 


transfer by these units as would be 


3. Within the joint opening the maximum 
stress in the dowel is found at the face of the 
loaded joint edge. 

!. The point on the dowel within the joint 
opening at which the bending moment changes 
from positive to negative—the point of inflec- 
tion of the elastic curve—was not found at the 
center of the joint width under the conditions 
of these It will be shown later that the 


location of this point of inflection was found 


tests. 


to vary with the physical dimensions of the 
dowels, the width of the joint opening, and 
with other conditions. 

Although the stress values as determined 
from measured strains were not the maximum 
or critical values, they have been used in 
comparative studies of possible trends that 
might apply to the design variables of dowel 
diameter, length of 


width of joint opening 


dowel embedment, and 


\ proeedure was adopted which is believed 
to provide the best comparative data for the 


purpose. Essentially it consists of relating 


average values of dowel stress to average 


values of dowel shear in the manner shown in 
figure 36. In the 


example, the relation 


18 


between the average shearing force per dowel 


and the average compressive stress in the 
dowel is shown for loads applied on either side 
of the joint opening. The relations are linear, 
so for each the slope is constant. The stress 
value per 1,000 pounds of shear force is shown 
as 14,700 p. s. i. with the load at point A, and 
5,100 p. s. i. for the load at point B. 

In figure 37 are diagrams representing joint 
widths of ! 


5, 34, and 1 ineh, the diagram on 


the right being really a composite of three 


cases, one for each width. \verage 


joint 
stress values, determined in figure 36, have 
been plotted in figure 37 as ordinates at dis- 
tances from the joint faces corresponding to 
the respective points of strain measurement. 
The 


specimen have been connected with a straight 


two points representing a given test 


line which has been extended to meet the 


vertical lines representing the respective joint 
faces. These two points of intersection then 


indicate an estimated dowel-stress value at 
each joint face for a shear of 1,000 pounds. 
The values for the specimen used in figure 36 


are shown as solid circles, whereas the open 


circles are values obtained in the same manner 


for other specimens. The values of estimated 


stress in the dowels at the face of the joint 


on the side bearing the load are those used in 
the following 


comparisons of the various 
dowel systems. 

The diagrams of figure 37 show that within 
the joint opening the greatest stress occurs 
in the dowel at its point of entry into the 
concrete on the loaded side of the joint. This 
would be expected. Theory indicates that 


the stress should continue to increase in 
magnitude, rising to a maximum at some 
point a short distance from the joint face 


within the concrete. 

Within the joint opening, the diagrams show 
that 
tension in the bottom of the dowel 
from its 


the stress—compression in the top and 
decreases 
value at the face of the 
loaded slab, the rate of decrease varying wit] 
the diameter of the dowel and the width of 
joint opening. 


maximum 


In only two cases does thi 
sense of the stress change (from compressio1 
to tension in the top of the dowel) within th: 
These 


diameter dowels in the %4-inch joint width and 


joint opening. cases are the %-inc] 


the 34-inch diameter dowels in the. 1-ine! 


joint width. In each of these cases, a tensil 
stress of small magnitude is indicated at the 
face of the unloaded slab. 

It is evident that the point of inflection 
the elastic curve of the dowel depends upo 
the flexibility of the joint system; and, fi 
the conditions of these tests, only in the cas 
of the two most flexible systems was the point 
of inflection within the joint opening. Son 
additional information on this point is give: 


later in the discussion of collateral tests. 


Comparisons of Dowel Stresses 


In figures 38-40 dowel-stress values at t 
f th 


face o e slab end on the loaded side of t! 
joint, determined in the manner just describe 
are used to show the influence on dowel stre-s 


of the three design variables: dowel diamete 


length of dowel embedment, and width 
joint ope ning, 

With a %4-ineh joint opening, an 8-diamet 
ength of dowel embedment, and a dow: 
shear of 1,000 pounds, dowel stresses ar 


compared in figure 38 for dowel diameter: 


*. inch to 1'4 inches. It is 
that the 


funetion of the dowel diameter. ‘\u 


ranging from 


parent relation expresses so 
Livers 
empirical determination of the expone! 
required to produce a matching curve indicat 
its value to be 1.12. For the conditions of 


test, it appears that increasing the diamete! 


of the dowel from % inch to 11% inches decrease- 
the dowel stress at the joint face by about 5 


Had it 


the points of maximum stres 


percent. been possible to compar 
values at 
somewhat greater reduction might have bet 
shown. 

The relations shown in figure 39 indicat 
that dowels having an embedded length of - 
diameters are stressed appreciably less (ha! 
greater embedded lengths. 


2-diameter length of embedment is appar 


those with 


insufficient to develop the full bending resist 
ance of the dowels. It will be observed (hal 
beyond a certain length of embedment | lie! 
further dowel stress, 4! 


is no increase in 


from the data available these lengths se¢ 
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be in accord with the maximum useful lengths 
lescribed earlier in the report. 

As would be expected, the width of joint 
opening exerts an 
lowel other conditions remaining 
mnstant. In figure 40 this effect is shown for 

‘s-inch diameter dowel with an 8-diameter 

igth of embedment. 


important influence on 


stress, 


For these conditions 
reduction in the width of joint opening from 
inch to ly inch reduced the dowel stresses 
ore than 30 percent. These data emphasize 
the difference in severity of loading conditions 

posed on dowels installed in expansion 
similar units in 
mtraction joints, and explain the generally 


better service performance of the latter. 


contrasted with 


joints, as 


It would be useful to know the magnitude 
* the maximum stresses which existed in the 
jowels during the repetitive loading program. 
For the reasons stated earlier these maximum 
obtained. The estimated 
values at the joint face on the loaded side, while 
ess than the 


were not 


values 


true maxima, are of interest 
individual values ob- 


served during the repetitive loading program 


however. The highest 


for the several dowel diameters were as follows: 


Dowel 
StTESS, 
p.s.t 

27, 200 
24, 100 
20, 400 
15, 500 
$ . 13, 700 


Dowel diameter, 


Fach value shown is the average of 10 
asurements made during the application of 
00,000 cycles of the 10,000-pound load. 


During the repetitive loading program, the 


ir 34-inch diameter dowels in the pilot 
ecimen were subjected to 2 million eycles 
luring which the average maximum. stress 


thin the joint opening on the most highly 


stressed dowel was 21,600 p. s. i. 
In another case, a specimen containing four 
neh diameter dowels was subjected to 
10,000-pound load 


Which the av 


HOO,000 repetitions of the 


during ‘rage maximum 
ss on the most highly stressed dowel was 

700 p.s. i. This was followed by 500,000 
es with a 15,000-pound load which devel- 
da dowel stress of 18,600 p. s. i. 

here was no apparent damage to the dowels 

is a result of the preceding tests. 


test 


In only one 

‘clal did a dowel failure oceur. This 
is described later. 

Migure 41 shows the oscillograph traces from 


strain gages mounted %%2 inch from the joint 


face on each of the 4 dowels in tests of 2 
specimens. In the record pertaining to the 


‘h diameter dowels and the 1l-ineh width 
int opening, it is evident that in one case 
‘Was an actual stress reversal at the gage 
tion as the load was changed from one 
. f the joint to the other. This is indicated 
he upper trace by the fact that it crosses 
iorizontal base line from a high compres- 
strain (movement above the base line) to 
all tensile strain (movement below the 
line). Two of the other gages showed no 
n, While the fourth gage showed a slight 
half of the 


pressive strain during this 
the case of the 1'4-inch diameter dowels 


the %4-inch width of joint opening, the 
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Figure 37.—Examples of distribution of dowel stresses within the width of 


joint opening. 


higher 


effect 


load this 
would have become more pronounced 


indicated compressive strains are of lesser frequency of application, 


magnitudes than those of the *4-inch dowels; 


unlike the latter, they are of very nearly 


equal unless some provision for damping were added 
oading to the system. 


magnitudes during both halves of the 


ba deci Collateral Studies 


The small vibrations indicated by that part 


of the trace which represents the full applica In conjunction with the research program 


tion of the load are caused by a slight elastic hat has been described, a considerable amount 





























vibration set up in the loading lever-dead of data of interest and value was obtained 
weight system as the lift-rod mechanism re during the course of a number of collateral 
leases the load Had the test been made at a studies that were made. These data will be 
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Figure 38.—Relation between dowel diameter and stress in dowel at 


face of loaded joint edge. 
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at face of loaded joint edge. 


discussed under appropriate headings in the 
paragraphs which follow. 


Dowel performance related to pavement 
deflection 


At several places in the report, mention has 
been made that 6 of the dowel systems were 
tested at a free joint-edge deflection rate of 
0.02 inch per 1,000 pounds of applied load (or 
the deflection rate adopted for the 
primary program). This study was made on 


twice 


systems of 34-inch diameter dowels embedded 
in slabs of 6-inch depth with a 44-inch width of 
joint opening and various lengths of embed- 
ment. From the comparisons afforded by 
these data, it was found that the following 
eonditions prevailed: 

1. The percentage of load transferred was 
higher at the greater of the two deflection 
rates. 

2. Values of the dowel deflection index (the 
deflection per 1,000 pounds of dowel shear) 


were in most eases slightly but only slightly 
higher for the greater of the two deflection 
rates. 

3. Tests at both deflection rates indicated 
the same maximum useful lengths of dowel 
embedment. 

4. For the same repetitive loading condi- 
tions, tests at the greater rate of joint-edge 
deflection developed greater dowel looseness. 

5. As shown in figure 42, values of dowel 
stress per 1,000 pounds of dowel shear at the 
face of the loaded slab end averaged 21.5 per- 
cent higher for specimens tested at the greater 
of the two deflection rates. It is also indicated 
by this graph that as the deflection rate is de- 
creased, the point of inflection on the dowel- 
stress distribution curve tends to move toward 
the center of the joint opening. 


Comparison of 2 and 4 active dowels 


In about one-half of the specimens tested, 
the outer dowels, or the dowels nearest the 
two sides of the specimens, were sawed through 
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Figure 40.—Relation between width of joint opening and stress in dewel at face 
of loaded joint edge. 





after completion of the scheduled test to pro- 
vide some comparative data on the perform- 
ance of 2- and 4-dowel systems. 

It was found that among the systems tested 
the amount of load transferred by the 2 cen- 
tral dowels ranged from 97 to 99 percent of 
that transferred by 4 dowels. Thus it seems 
reasonable to infer that, other conditions being 
equal, the 4-dowel systems used in this in- 
vestigation will transfer about the same pro- 
portion of the applied load as would the multi- 
dowel systems employed in the transvers: 
joints of pavements in service. 

The data afford two other interesting com- 
parisons: First, with only 2 dowels active, the 
dowel-deflection index values tended in most 
cases to be slightly smaller than with 4 dowels 
active; and, second, as shown in figure 43, 
values of stress per 1,000 pounds ot 
dowel shear were appreciably reduced by sev- 


dowel 
ering the 2 outer dowels. 


Flexural stresses in concrete 


In the early planning of the tests it was 
considered desirable to develop some bending 
in the concrete along the joint edge to simulat: 
more closely the conditions that would b 
found in the field. The early tests were mad: 
with a 6-inch depth of specimen, and by tris 
the length of bearing between the slab and th: 
support beam was adjusted to develop a bend- 
ing stress of about 300 p. s. i. with the 10,000- 
pound test load. Later when slabs of 8- and 
10-inch depth were tested, it was decided t 
maintain the same length of bearing through- 
out. 

For the constant test load and rate of free- 
edge deflection, the effect was to reduce thi 
bending the the 
depth was increased approximately as_ thx 
reciprocal of the depth squared. Figure 44 
shows the position of the strain gage wit! 
respect to the area of load application as well 
as typical data obtained with specimens of the 
three thicknesses. 
concrete, was the SR—4, type A-9, with an 
effective length of 6 inches. It is apparent 
for the conditions of the test that the behavior 
of the concrete was elastic. 


stress in concrete as slat 


Concrete bearing stresses 


Compressive stresses in the concrete in thie 
vicinity of the dowels exert an important 
influence on the structural performance of 
load-transfer systems. In the case of the con- 
ventional round steel dowel, it has long been 
recognized that the compressive stresses abov« 
and below the dowel may be critically high. 
Marcus (10) has published experimental d:ta 
which indicate bearing stresses under dowels, 
the magnitude of which was more than tw ce 
the compressive strength of the concrete. 

These stresses are a maximum at the face 
of the slab end and are concentrated imiic- 
diately above or below the dowel, depend ug 
upon the side of the joint on which the loac is 
acting. 

This investigation included no provision or 
a study of this important subject. Howey cr, 
on one specimen of 8-inch depth, an instz !a- 
tion of three resistance strain gages with an 
effective length of 4% inch was made in ‘he 
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The gage, cemented to the 
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ianner shown in figure 45. The load-strain 
‘lations obtained are those shown in the dia- 
zsram, These are linear within the range of 


the test. 


Values of concrete strain measured over so 
iort a gage length may be affected to some 
tent by non-homogeneity of the concrete in 

e immediate vicinity of the gages. For this 
reason the data are expressed as measured 
strains. They are of considerable interest, 
however, as they indicate clearly the high 
intensity and localized effect of the pressure 
exerted by the dowel. 

From the slopes of the load-strain relations 
of the three strain gages, values of concrete 
strain for 1,000 pounds of dowel shear were 
obtained and shown in relation to the distance 
from the top of the dowel in figure 46. This 
diagram indicates the highly localized nature 
of the deformation that occurs in the concrete 
and is in general accord with previously re- 
ported data. 


Distribution of dowel stress 


In the tests of the regular program, only 
one strain gage was attached to a dowel 
because of the limited space within the joint 
openings. As explained earlier this led to an 
interpretation of a linear distribution of dowel 
between the joint faces. To obtain 
some data that would show whether or not 
this was a valid interpretation, the joint of 
one of the specimens was opened to a 3%-inch 
width after the completion of the prescribed 
This gave sufficient space to permit the 
installation of five strain gages along the dowel. 
The specimen selected was 10 inches in depth 
and the dowels were 


stress 


tests 


1144 inches in diameter. 

The location of the gages and the data ob- 
tained in this test are shown in figure 47. 
The curves show load-stress relations 
vithin the joint opening for loadings at points 
\ and B on either side of the joint opening. 
From this diagram it may be concluded that 
vithin the limits of the test program the 
dowel-stress distribution across the joint open- 
ng is linear. It is of interest also that by 
opening the joint to 34% inches, the flexibility 
of the system was increased to such an extent 
that the point of inflection or zero stress of 
these 14-inch diameter dowels appeared within 
the joint opening. 


two 


Modulus of dowel reaction 


} 


‘trapolating the dowel deflection data 
tained with the various widths of joint 
opening (figure 14) beyond the \¢-inech width 
'O an assumed zero width, and using the 
ianical properties of the steel and concrete 

a ictermined by test, values of the so-called 
lus of dowel reaction were computed for 
-inch slab depth and %-inch diameter 

the 8-inch slab depth and _ 1-inch 

eter dowel, and the 10-inch slab depth 
1}4-inch diameter dowel. The values 
ned were 3,026,000, 2,608,000, and 

2 000 pounds per cubic inch, respectively. 
modulus of dowel reaction or modulus 
port is a measure of the support offered 
el by the surrounding concrete as the 
is deflected. It is analogous to the 
ide modulus used to express the support 
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Figure 41.—Oscillograms of strain in individual dowels for a 10,000-pound load. 


afforded the pavement slab by the subgrade, 
and like the latter it is expressed in pounds- 
per-cubic-inch units. It is 
by K or G in the literature. 


usually denoted 


Fatigue failure of steel dowels 


It was stated earlier that in none of the tests 
of the regular program was there a failure 
of any of the steel dowels, in spite of the rela- 
tively high flexural stresses and the relatively 
large number of stress reversals in some of the 


tests. In one special test a fatigue failure 
of the dowels was produced, and both the 
procedure followed and the character of the 
failure are of some interest. 

A specimen containing four 34-inch diame- 
ter dowels which had undergone 600,000 cycles 
with a 10,000-pound load was selected for 
further testing. During the regular testing, 
with 4 dowels active, the bending stresses at 
the joint face of the 2 central dowels averaged 


18,800 and 22,800 p. s. i., respectively. 
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Figure 42.—Effect of deflection rate on dowel stress. 
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Figure 43.—Effect of number 


The 2 outer dowels were severed and repeti- 
tive loading was resumed still using the 10,000- 
With but 2 
indicated stresses in the dowels increased to 
24,300 and 28,200 p. s. i., respectively. After 
$92,000 ‘additional cycles of loading, failure 

both This 
regular hours 


pound load. dowels active the 


occurred = in dowels. happened 
the 


surmised. 


outside of working and 


sequence of events can only be 


The breaks were brittle fractures typical of 


fatigue failures. The dowel that was being 


stressed most highly failed on both sides of 


the joint opening; the other dowel failed on 


one side only. 


Figure 48 is a photograph of the central 


piece of the dowel that broke on both sides 
the 


character of the fractures; the side view shows 


of the joint. The two end views show 


the location of the breaks with respect to the bedded 


JOINT OPENING — INCHES 


of active dowels on dowel stress. 


The 
undoubtedly indicates the point of maxim 
In this case the frae- 
dowel 


back from the joint face, within the concrete 


joint opening. location of the breaks 


moment in the dowel. 


tures appear to be about diameter 


on one side of the joint and approximately 


1-dowel the 


other side of the 
location of 


diameter 
The 
which failed on one side of the joint opening 


only was within the concrete about '4-dowel 


On 


joint. break in the dowel 


diameter from the joint face. 
From these failures it is apparent that the 
estimated the 


the joint (or slab end), arrived at by measure- 


dowel-stress values at face of 


ments of dowel strains within the joint open- 


ing, are probably appreciably less than the 


corresponding values at the point of maximum 
the 


along 


somewhere 
length. In the 


bending moment elm- 


case of the 


ys-Inen 
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Figure 44.—Typical relations | 


concrete along the joint edge. 


observations.) 
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»etween applied load and stress in 
(Each value is the average of 10 


diameter dowels, this point would appear to 
be not less than %-dowel diameter from the 
beginning of the embedment. 


Area of Further Research 


The present test) program has developed 
much important information on the per- 


formance of conventional round steel dowels 


under repetitive loading conditions whic} 
simulate closely those of actual service. This 
initial program could not include all of the 
variable factors involved in such service 


however, and there are important questions 
that answered only by further tests 
For example, the tests to date have ell bee 
made with high strength concrete in 
condition. A limited program 
tests is needed to relate the present data to 


ean be 


na dry 
of additions] 
those obtained with conerete of somewhat 
lower strength and containing entrained ai: 
\lso some tests should be made with coneret: 

a moist condition such as that found 
most field service. 

It would 


might be 


appear that this 
used effe etively to cde 


test procedurt 
velop muc! 
needed information on the perplexing questio: 
the fractured 


plane of weakness joints in which there is m 


of load transfer by surfaces « 
provision for mechanical load transfer 

In the tests 
tests were made with joint deflections whic] 


just 


program of } completed 
were representative of weak subgrade support 
\ limited series of additional tests should bx 
made to relate the present data to other con- 
ditions of subgrade support, particular] 
those of a firm subgrade support. 

the 
is known to develop betwee! 
and the 
various expedients have been 
this For 
ise of tubular dowels is a suggestion that has 


Jecause of 
that 
conventional 


high intensity of bearing 


pressure 
the dowel concrete 
proposed for 
reducing 


pressure. example, tl] 


been made from time to time. T!1 
test 


evaluating 


1e repetiti' 

procedure offers a 
this and 
generally similar nature. 


loading means 


other proposals of 


Some load-transfer devices made 
malleable east iron, a material that is s 
‘eptible to permanent deformation und 
repeated stressing. Some study of the | 


havior of malleable cast iron, when subject 
to repetitive londing under conditions e 
parable to highway pavement service, sho 
provide valuable information. 

The method of test that has been 


ind the machines for making the test prov 


dey ¢ lo} 


a valuable facility for studying a number 


other problems relating to the struct 
performance of joints. 
Appendix 
Friberg equations 
Vod s of dowel reaction. | rom meas 
ents of the deformation of the concrete 


t the face of the joint, under the bearing 


P. exe rted by the dowel, a constant ter! 


obtained by utilizing the expression: 


uo 
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‘ M,—=The moment in the dowel at the 8 -INGH SLAB DEPTH 
face of the joint caused by the load, 1 -INCH DIAM. DOWELS 
P, acting at a distance equal to half _ DIAM. EMBEDMENT 
the width of the joint opening or zg -'NCH JOINT WIDTH 
a 014 + ; —-4 
q 9 (inch-pounds). ‘ole LOAD 
fs E,=The modulus of elasticity of the as l 
is dowel steel (p. s. i.). 4 ! 1 La aaa Ree S 
} I= Moment of inertia of the dowel sec- 1 .OO12 } ' ' A ; 
a tion (inches 4), Ww ry B> STRAIN GAGES 
T Hlaving the value of 8, the modulus of o : OD G) 
. : ; rok 
C jowel reaction, A, may be obtained from the & —oe 4 
1s expression given by Friberg for the relative 2 — i2° 
< <tiffness of the structure (dowel) and the mass © 0010 r if 
! crete), as follows: 
< 
al g— 4/ Kb Zz 
te VAE./ ¢ -0008 1 
{ KE 
. rhe letter b represents the diameter of the on 
e] in inches) and the other terms are as Wu 
U , i ‘ > 
. viously defined. The modulus of dowel 5 
: : i ¥ ” 
‘tion is expressed in pounds-per-cubic-ineh ” .OOOG } 
WwW 
= ex 
- owel deflection. The deflection of a dowel = 
ssing a joint may be determined from the O 
() ; : 5 oO 
Ving equation: 
; + -O004 + t 1 
P /1+(14+ 6a)? , 4 Z 
a 2E | 83 ">s ) — B 
ic] | hich: 
rt A=The difference in deflection of the -0002 | 1 
by loaded and unloaded sides of the joint 
- with the dowel in full bearing on the 
rly concrete (in inches). The other terms lin 
are as previously defined. O eee : = I wr L 
ing ~ , ti O 2 4 6 8 1O 12 
is estergaard equations DOWEL SHEAR — HUNDREDS OF POUNDS 
te Slab deflection.—The deflection of a free Figure 45.—Dowel shear-concrete strain relations for the indicated points 
for “ad : dge and een may be determined from (A, B, and C) at the face of the loaded joint edge. (Each value is the average 
the © TOhowing equations: of 10 observations.) 
has 
‘ 0.433 P 
a 2 Ll - 
f« 8 -INCH SLAB DEPTH 
— 0020} | -INCH DIAM. DOWELS 
2-=(1.1—0.887 ) Fs us 8 - DIAM. EMBEDMENT 
W ¥-INCH JOINT WIDTH 
; 6 4 
uJ 
rd and z Maximum deflection for edge = - 
O O 
he- and corner loadings, respec- ©” til 
ot tively (in inches). z ae 
Ole P= Applied load (pounds). ~ = 
} 7 * > reaction se 12) 
prild k Modulus of subgrade reactior =o 
B.S. By x OOI2 + 
—— 
) 1 \ dimension, measured along nz 
vice the bisector of the corner angle wT rs 
in the case of corner loading > q 
and equal to the diameter of 2 \ 
the loaded area, a, multiplied ww O 0008 + 
bv ./9 ceo 
oes ao 
mension, /, termed the radius of rela- =— 
iffness, measured in inches, may be = (4 
ed from the following expression: Oo 
= ; -& OOO4T 
= 
{ E AB J 
: V12 (1—p)k 
O oe Soe 
\flodulus of elasticity of the concrete O 2 3 
D. s. i DISTANCE FROM TOP OF DOWEL —- INCHES 
Depth of the slab (inches). Figure 46.—Variation in bearing strains in the concrete directly above the dowel, as meas- 
Poisson's ratio for concrete. ured at the face of the loaded joint edge. 
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Figure 47. —Distribution of dowel stresses within the width of a 34-inch joint opening. 
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note 35 instead of 30. 
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PUBLICATIONS 
of the Bureau of Public Roads 





lhe following publications are sold by the Superintendent of Documents. 
Government Printing Office, Washington 25, D. C. Orders should be 
sent direct to the Superintendent of Documents. Prepayment is required. 


ANNUAL REPORTS 


Work of the Public Roads Administration: 
1941, 15 cents. 1948, 20 cents. 
1942, 10 cents. 1949, 25 cents. 
Public Roads Administration Annual Reports: 
1943; 1944; 1945; 1946; 1947. 
(Free from Bureau of Public Roads 
Annual Reports of the Bureau of Publie Roads: 
1950, 25 cents. 


1953 (out of print). 1956, 25 cents. 


1951, 35 cents. 1954 (out of print). 1957, 30 cents. 
1952, 25 cents. 1955, 25 cents. 


PUBLICATIONS 


\ Report of Factors for Use in Apportioning Funds for the Na- 
tional System of Interstate and Defense Highways, House Doc- 
ument No. 300 (1958). 15 cents, 

Bibliography of Highway Planning Reports (1950). 30 cents. 

Braking Performance of Motor Vehicles (1954). Out of print. 

Consideration for Reimbursement for Certain Highways on the 
Interstate System, House Document No. 301 (1958). 15 cents. 


Construction of Private Driveways, No. 272MP (1937). 15 cents. 

Criteria for Prestressed Concrete Bridges (1954). 15 cents. 

Design Capacity Charts for Signalized Street and Highway Inter- 
sections (reprint from PuBLic Roaps, Feb. 1951). 25 cents. 


Electrical Equipment on Movable Bridges, No. 265T (1931). 
10 cents. 

Factual Discussion of Motortruck Operation, Regulation, and 
Taxation (1951). 30 cents. 

Financing of Highways by Counties and Local Rural Govern- 
ments: 1931-41, 45 cents; 1942-51, 75 cents. 

First Progress Report of the Highway Cost Allocation Study, 
House Document No. 106 (1957). 35 cents. 

General Location of the National System of Interstate Highways, 
Including All Additional Routes at Urban Areas Designated in 
September 1955. 55 cents. 

Highway Bond Calculations (1936). 10 cents. 

Highway Capacity Manual (1950). $1.00. 

Highway Needs of the National Defense, House Document No. 


249 (1949). 50 cents. 
Highway Praetice in the United States of America (1949). 75 
Ct ~ 


Highway Statisties (annual) : 
45 (out of print). 
16 (out of print). 


1949, 55 cents. 1953, $1.00. 

1950 (out of print). 1954, 75 cents. 
17 (out of print). 1951, 60 cents. 1955, $1.00. 
18, 65 cents. 1952, 75 cents. 

Highs iy Statistics, Summary to 1955. $1.00. 


Hig! ivs in the United States, nontechnical (1954). 20 cents. 

Highy .ys of History (1939). 25 cents. 

Ident. ication of Rock Types (reprint from PuBLic Roaps, June 
19% 15 cents. 

Intery sional Highways, House Document No. 379 (1944). 75 
a 


PUBLICATIONS (Continued) 


Legal Aspects of Controlling Highway Access (1945). 15 cents. 
Local Rural Road Problem (1950). 20 cents. 
Manual on Uniform Traffic Control Devices for Streets and High- 
wavs (1948 including 1954 revisions supplement). $1.25. 
Revisions to the Manual on Uniform Traffie Control Devices 
for Streets and Highways (1954). Separate, 15 cents. 
VMathematieal Theory of Vibration in Suspension Bridges (1950), 
$1.25 


Needs of the Highway Systems, 1955-84, House Document No. 


120 (1955 15 cents. 

Opportunities in the Bureau of Public Roads for Young Engineers 
1958). 20 cents. 

Parking Guide for Cities (1956). 55 cents. 


Principles of Highway Construction as Applied to Airports, Flight 
Strips, and Other Landing Areas for Aircraft (1943). $2.00. 
Progress and Feasibility of Toll Roads and Their Relation to the 
Federal-Aid Program, House Document No, 1389 (1955). 15 
cents 

Public Control of Highway Access and Roadside Development 
1947). 35 cents. 

Public Land Acquisition for Highway Purposes (1943). 10 cents. 

Publie Utility Relocation Incident to Highway Improvement, 
House Document No. 127 (1955). 25 cents. 

tesults of Phvsieal Tests of Road-Building Aggregate (1953). 
S1.00, 

Roadside Improvement, No. 191MP (1934). 10 cents. 

Selected Bibliography on Highway Finance (1951). 60 cents. 

Specifications for Aerial Surveys and Mapping by Photogram- 
metric Methods for Highways, 1956: a reference guide outline. 
55 cents, 

Standard Specifications for Construction of Roads and Bridges on 
Federal Highway Projects, FP—57 (1957). $2.00. 

Standard Plans for Highway Bridge Superstructures (1956). 
$1.75. 

Taxation of Motor Vehicles in 1932. 35 cents. 

Tire Wear and Tire Failures on Various Road Surfaces (1943). 
10 cents. 


Transition Curves for Highways (1940). $1.75. 





Single copies of the following publications are available to highway 
engineers and administrators for official use, and may be obtained by those 
so qualified upon request addressed to the Bureau of Public Roads. 
They are not sold by the Superintendent of Documents. 


Bibliography on Automobile Parking in the United States (1946). 
Bibliography on Highway Lighting (1937). 

Bibliography on Highway Safety (1938). 

Bibliography on Land Acquisition for Public Roads (1947). 
Bibliography on Roadside Control (1949). 

Express Highways in the United States: a Bibliography (1945). 
Indexes to Pusitic Roaps, volumes 17-19 and 23. 

Title Sheets for Pusiic Roaps, volumes 24-29, 
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DIVISION OF PUBLIC DOCUMENTS (GPO) 
WASHINGTON 25, D. C. 
OFFICIAL BUSINESS 
! 
TRIVERSITY OF OF MICHIGAN 
If you do not desire to continue 3 ANN ARBOR MICH 
this publication, please CHECK HE 
tear off this label and return it tot 
address. Your name will then be promptly 
removed from the appropriate mailing list. 
e Se DEPARTMENT OF COMMERCE - BUREAU OF PUBLIC ROADS 
7 
STATUS OF FEDERAL- ‘AID HIGHWAY PROGRAM 
AS OF FEBRUARY 28, 1958 
(Thousand Dollars) 
ACTIVE PROGRAM 
ONTRACTS ADVERTISED 
INPROGRAMMEI -” ™S UNDER W mina. 
STATE L om pene ) PROGRAMMED ONLY ONST=UCTION NOT STAI Rr i ECT: NDE ay TOTAL 
~ voce | (Mile omy Sa | Mie = eee | Mite oy — Mie 
Alabama $33,459 $57,836 $43 ,045 +51. | $15,088 | $11,758 158.0 | $78,368 $52 ,05 770.1 $154,294 | 0 | 1,379.6 
Arizona 10,458 27,67 2h 463 146.1 10,551 9, 58 60.3 33,940 | 29,104 202.4 72,16: | 153 408.8 
Arkansas 24 ,4Ok 42 837 33,071 554.6 18 , 506 13,550 124.3 49,604 32.083 355-5 111,207 827310 1,034.4 
California 55,623 9339 1,544 1.0.4 56,400 47,693 | 53-7 65 ,067 246 , 905 393 657 ,806 | 310, 142 607. 
Colorado 37,55¢ 16,862 12,708 102.9 3,326 1,829 S5« 57,259 | 41,900 | 300.7! T7447 | » 437 | 429, 
Connecticut 51,502 | 2,358 1,296 | 9, 3,798 2,407 | 1.5 | be,2ho| 29,126 36.0 48,402 | 2113 | 38.1 
Delaware 22 , 766 12,153 9,124 22.7 2 9439 1,228 3-7 12,917 920 61.7} 27,539 } ,880 88.1 
Florida 10,948 70,624 54,14 307.6 6 "181 | 4,327 | 33.8 69,205 45,143 350.0! 146,010 Bt ay lo 091.4 
peal 18,524 | 120,159) 91,790! _094.9 21,196 14,842 | 101, 102 , 133 | {20 934.6) _ _ 243,488 | 165,348 | 1,730.5 
Idaho 37 ,269 18 ,263 15 , 106 99.1 | 3,056 1,844 ko, ¢ 20,501 € 161.9) 41,822 31,629 307.¢ 
Illinois 46 465 100 , ho€ 69,425 553.0 79,080 | 60,262 | 143.9 201,479 151,05 620.9 381, pol 280,745 | 1,317.6 
a 24,949 65.072 45,391) 270.3} 20,653 Lk, 96¢ 269.6 29.471 | _38,200| __264.5) 2a S04. 
ae 307987 54,969 41,054] 660.3] 28,002 22,722 | 179.3 56, 008 39,221] 1,190.8 itt-2e9 300] 14°28 2,050.4 
Kansas 27,204 28,593 21,470 (23.5) 30,541 22,745 | 324.0 57,025 39,232 1,190.4 116,159 374k 2,238.2 
Kentucky 49, (77 3,275 29,235 139.¢ 3,434 2 , Or ) Ele p1,495 49,794 | 242.1) e 118,204 81,094 = 396. 
Louisiana 19,339 | 8,451 49,273| 295.8] 34,088 | 23,729 132.2 »185 39 , 302 379.3 168, 72h 112,364 | 807.3 
Maine 26,494 11,243 9,130 17.5 4 ,83¢ 3,86 4k 21,602 13,595 104.4 37,581 | 26,891 126. 
Maryland 9,971 22, ¢ 13,854) 106.2 32,153 21,337 wf 2,172 | 1,7 fie 172.0) Cana _ 6,767 335.4 
eas 28,655 48,357 39,285 25.0] 43,205 25,144 22, 105 ,082 ), 938 57.1 ohy | 134, 36 105 
Massachusetts ’ r aoe : cd “ : - a | 4 
Michigan b2 ,663 17, 389 2,078 625.60 29,483 20,574 101.3 110 , 890 | yel4 302 .6) a 37. 168 169 , 40t 1,149. 
Minnesota 56, 88 | 9,609 | + Q g1h3 2007 99.9 1 503 | 19935 92.8) 123,6 05 93,880 | 956.2 
Mississippi 12 ,280 Vy 1 28,39 22 ,482 155.5 J 43,19 171.5} 141 7192 | 102 ,465 | 1,051. 
Missouri 31,828 84 22 ,20 > 16,573 (3.¢ 1 538 7% 1,012.5) 179,523 | 123,114 2,247.3 
Montana 63,93 4 845 35351 52 4 45 ,085 33,900) 374.6) 60, ThO | 4h, 936 | 582.2 
Nebraska 3,334 | | 1 14,850 7,727 | 225. 50,532] 30,382] 977-3) 83,100 | 53,887 | 1,810.3 
Nevada 31,444 ’ 5 Sec 460 385 e+ 26 s2hC 25,774 168.9 38, 315 35,246 09.2 
New Hampshire 18, 88 5 338 3,25 18.4 | 4 yt 52 3 2481 ts | 21,7 + | [30 58.7 Pa 31,754 21,470 88.2 
New Jersey 85,930 | 20,453] 53-4] 8,001 6,570 567 76 5259 51.3] 104,713 | 7h, 708 | 110.4 
New Mexico 9,645 11,159 37° 529 5,985 2.1 46,601 296.9 65 ,289 | 52,929 396.9 
New York 126,712 50,705 103.5 | 6,014 51, 9 32. 27,009 394-3} _ 623,788 | 409,228 oS * 
North Carolina 65 ,24C 5l, 335.0 | 11,7 0,002 | —s eek os 41g 148 Whe | 103,608 | 1,15 
North Dakota 18,461 27,64 105.3 18 ,248 14,528 50.1 24,901 985.1) ( 52,216 | 2,140.5 
Ohio 16,994 5 135 35, 37) 15 ak | (4,064 1,710 (3-< C44 027 | 330.6) 32 2t {,304 i 22 >) 2 
Oklahoma 16,193 | 71 , Of 51,532 4.7 | 15,051 | 11,102 | c (2 , 353 | 585.4) 111,052 1,347.1 
Oregon 1,20 7,790 5 »Ghe 53-9 13,359 10,615 Se 39,911 194.2) 48,131 31t.4 
Pennsylvania 100,672 1,¢ 1.7 85 , 307 186 .€ 35,497 21,879 64. ¢ 201,572 361.3 282 ,656 612.5 
hho | 13,715 10,346 16.7| 3,096 | 2,666 | 1.6 2,413] 21.0 30,3097 30.3 
Rhode Island ’ , ’ < nl bs 2 269 7 497 72 c 25 
South Carolina 21,594 3,459 49,099 5430c 3,256 2,12e D0 ec y+ \s 3.0 80 »950 | 1, aoe? 
South Dakota 1921 ,01C 56,382 881.3 1,538 560 57. 21,792 44S 3 P 73,025 1,30. .9 | 
Tennessee 3h 202 > 625 57 yol 7| 5542 24,907 17,056 | fl. 90 e 537.2] 7 T 0,6 130,3 97] 1,1 +? 
Texas 62 , 767 25,492 108 , 80 51.1 47, f2 34,¢ pe 150.5 22k 32 o> 4 400 , 844 3 3,973 2,70 +) 
— 1,022 33,195 30,15¢ 190.5 8,291 206 36.4 22,711 | 107.6) 64, 197 56,370 | 334.5 
h.o61 | 52 .92R 19.289 43.8 | 1,765 882 9. 19,698 36.4 GG ,401 34,992 | 1.2 
Vermont +s 4 ccy ’ we ? bis <4 a s ‘ | j 5 
Virginia 18,632 3,112 41,68 137. 20,965 15,728 43.4 33,863 261.2 157,940 seg 44 “2 
Washington 26 ks ki 18,9 22 6.778 4.185 15. 241 217.5 96 , 66¢ 70 , O59 4O- ed 
miSP »: ay SP ed tify sil i= 4 a2 . as 7) e | : = 
West Virginia 39, O7¢ 4 435 33,66 11.6] 3,92 1,9 ? 14, JO» ‘es _t4 5 88,310 57,568 1 i 
Wisconsin » 960 Bis 18, 15 322.5 18,640 12,655 14e 4 47,091 3759 93 , 369 0 , 764 8 o- 
Wynne 6,384 2,327 18,318 151.3 2 485 2,105 23.9 266.6) 70,716 | 38,762 | bh ..0 
Hawaii 2,835 10,61 5,309 T.2 1,488 689 1.6 4d 15 ,625 2116 | + 
District of Columbia 2h 175 6,793 4,745 4,6 5,227 3,390 2.6 5 4.5 37,672 27,558 es 
a 7,509 ; 15,147. 8,789 28.8 1,024 +79 7 2 19,709 22+3. 37,940 | 17 2 tT ar a 
Alaska 13,809 3,419 3,419 4o.3 ol 61 11.0 10,600 30769 14,030 13,328 | 3 >2 
on 1,816,214 | 2,143,270] 1,589,556/14,731.4) 942,085 | 665,682 | 3,917.0) 4,426,936 | 530.9 7,512,293] 5,175,831 j40,1 
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